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ABSTRACT

A unique collection of laboratory ultrasonic modeling results
are presented revealing and characterizing hidden pulsed seismo-
acoustic wave phenomena from 3-D range dependent liquid/solid
boundaries. The research succeeded in isolating and identifying low-
frequency (10-500 Hz) transmission loss mechanisms and provided
physical insight into Arctic acoustic problems generally beyond the
state-of-the-art of theoretical and numerical analysis. Results from
the collaboration of J. R. Chamuel (experimental ultra onic modeling
/ Sonoquest Advanced Ultrasonics Research, U.S.A. nd G. H. Brooke
(numerical modeling / Defence Research Establishment Pacific, Canada)
obtained-under the joint sponsorship of DREP and ONR are included.

-The ultrasonic modeling studies dealt with controversial issues
and existing discrepancies on seismo-acoustic waves at water/ice
interface, sea-ice thickness determination, low-frequency
transmission loss, and bottom leaky Rayleigh waves. The areas
investigated include leaky Rayleigh waves at water/ice interface,
leaky flexural waves in floating ice plates, effects of dry/wet
cracks in sea-ice on plate waves and near-grazing acoustic waves,
edge waves in floating plates, low-frequency backscatter from ice
keel-width resonances, conversion of underwater acoustic waves into
plate waves by keels, nondispersive flexural wave along apex of
small-angle solid wedge, Scholte and leaky Rayleigh waves along apex
of immersed 5" ice wedge, backscatter from trailing edge of floes,
floating plate resonances associated with near-grazing underwater
acoustic waves, acoustic coupling between adjacent floes, and
multiple bottom leaky Rayleigh wave components in water layer over
solid bottom. - A wide range of relative liquid/solid elastic
properties and densities were studied. Most of the findings were
presented at the Acoustical Society of America meetings between 1986
and 1989.
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1. INTRODUCTION

Major gaps exist in the understanding of key seismo-acoustic
wave phenomena on the interaction of underwater acoustic waves with
the ice cover and/or ocean bottom affecting long-range propagation
characteristics and interpretation of short-range shallow water
Arctic field data. Similar fundamental seismo-acoustic phenomena at
different frequency ranges play a major role in the fields of
seismology, ultrasonic nondestructive testing, geophysics, microwave
surface acoustic wave devices, acoustic microscopy, and noise control
of fluid-loaded structures. The mathematical approach to solving
problems involving the interaction of guided underwater acoustic
waves with rough penetrable solids having 3-D boundary
discontinuities is exceedingly difficult especially when the
dimensions of the features are comparable to the wavelength.
Additional complexities arise when the shear wave velocity of the
solid approaches the liquid compressional velocity, and also when the
liquid density is greater than the density of the solid, which is
the case for the water/ice interface. Arctic field experiments are
too costly and provide data from variable uncontrolled environmental
conditions.

Figure 1.1 shows dispersion curves [1] of the lowest modes of
elastic wave propagation in sea-ice from D. L. Anderson's 1961
unpublished mathematical work [2]. In the Arctic acoustics
literature, the two dispersion curves marked with the large black
arrows in figure 1.1 are not fully described [3-51. The bottom arrow
corresponds to the a leaky flexural wave and the top arrow to a leaky
Rayleigh wave at the water/ice interface. Low-frequency underwater
acoustic waves penetrate sea-ice and interact with cracks, keels, and
plate edges. Upward refraction in Arctic water increases the
interaction of acoustic waves with the ice cover and also increases
the percentage of energy intercepted by each scatterer in the
waveguide because the acoustic waves become confined to a shallower
water layer as the strength of upward refraction is increased. Near-
field and leaky modes which have usually been ignored for long-range
propagation become significant in the problem of low-frequency
scattering from ice discontinuities and bottom topography. It is
important to develop a complete understanding of three basic generic
models: a) liquid half-space on solid half-space, b) solid plate on
liquid half-space, and c) liquid layer on solid half-space before
introducing the complexities of 3-D range dependent liquid/solid
boundaries. Controversial issues exist on the leaky Rayleigh wave at
a water/ice interface [6-10, 951. Discrepancies have been observed
between measured and calculated sea-ice thickness from the flexural
wave dispersion characteristics [4] and between measured and
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predicted low-frequency transmission loss in the Arctic [11-14].
There are conflicting views on the existence of the leaky Rayleigh
wave in a water layer over a rock bottom analogous to the liquid-
filled borehole problem [14-17].

In order to obtain a quick global view of realistic Arctic
seismo-acoustic phenomena and complement both the Arctic theoretical
and field efforts, laboratory ultrasonic modeling techniques have
been used in this study to isolate and identify different transient
seismo-acoustic wave phenomena to investigate problems generally
beyond the state-of-the-art of theoretical and numerical analysis.
Prior to the start of this research, the effect of cracks in sea-ice
were ignored regarding low-frequency propagation and there were no
published Arctic field data or numerical results on acoustic waves
interacting with crack in a floating plate. Section 5 demonstrates
that cracks in sea-ice decrease the flexural wave velocity and create
ice thickness determination discrepancies. Section 5.4 focuses on
the attenuation of near-grazing low-frequency underwater acoustic
waves by cracks in floating plates. Section 3 shows the existence of
a leaky flexural wave in a floating ice plate and its effect on
interpretation of ice geophone data, and conversion of underwater
acoustic waves. Section 4 deals with the controversial leaky
Rayleigh wave at a water/ice interface. It also includes the results
of a temperature controlled experiment varying the relative elastic
properties of a liquid/solid interface to cross a critical limiting
temperature on the existence of the leaky Rayleigh wave. Section 6
isolates the trapped edge flexural wave and the edge leaky Rayleigh
wave (horizontal particle motion) propagating along the edges and
cracks of floating ice plates. Section 7 examines the large
backscatter obtained from the trailing edge of floating plates and
their associated water-coupled waves. Section 8 presents ultrasonic
modeling results on the conversion of underwater acoustic waves into
plate waves by ice keels, and the role of ice keel-width resonances
on the transmission loss of low-frequency underwater acoustic waves.
Section 9 investigates edge waves propagating along apex of immersed
solid wedges, and also includes interesting results on the
nondispersive edge flexural wave. Section 10 isolates multiple
pulsed supersonic leaky Rayleigh wave components generated in a
liquid layer over a solid half-space. The research investigated a
broad range of hidden seismo-acoustic phenomena, and provided
physical insight critical to the understanding and interpretation of
Arctic field data.

Most of the ultrasonic modeling findings discussed in this
report were presented at the Acoustical Society of America meetings
[6,18-231 between 1986 and 1989, and at the ONR 1989 Arctic Acoustic
Workshop at MIT [24].

7



2. EXPERINTAL SETUP

The basic experimental setup used in the ultrasonic modeling
studies was previously described in references 25 and 26. In all of
the experiments, generation and detection of the ultrasonic signals
were accomplished using broadband ultrasonic transducers (Sonoquest,
1.5 - 4 mm in diameter). Nominally, a 1.5 - 3.0 is single broadband
pulse was applied to the source transducer. Figure 2.1 shows typical
transducers' response obtained in water. Useful signals were
available from about 30 kHz to 900 klz. This report covers a wide
range of experiments and models which will be described in each
corresponding section of the report as needed.

10 DB
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FIG.2.1. Typical transducers' response. Waveshape and spectrum of acoustic
waves in water.
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3. LEAKY FLEXURAL WAVE IN FLOATING ICE PLATE

Flexural waves in a free solid plate follow a single dispersion
curve that asymptotically reaches the Rayleigh wave velocity at high
frequencies. Khen the plate is bounded on one side by air and the
other side by water, additional flexural wave branches appear
[1,5,27]. The complexity of the fluid-loaded thick plate problem was
described by Pierucci and Graham's [721. In the Arctic acoustics
literature, the focus has been on the subsonic water-coupled flexural
wave branch (Scholte wave branch) shown in figure 3.1, and b) the
air-coupled flexural wave branch [54]. Little work has been devoted
to the coexisting leaky flexural wave branch in floating ice plates.
Anderson's unpublished mathematical results [2] showed a family of
dispersion curves for the lowest modes of elastic waves propagating
in sea-ice (FIG. 1.1, copied from reference 1) which includes a
"Sezawa" wave branch without discussions. Stein [3], for example,
treated the Rayleigh wave originating from the air/water interface,
which has a real Rayleigh wave pole at high frequencies and a complex
pole at low frequencies; and did not specifically discuss the leaky
flexural wave branch that asymptotically reaches the leaky Rayleigh
wave velocity (complex pole from water/ice interface) at high
frequencies. Detailed theoretical studies are needed to characterize
the branching of the flexural waves for floating ice plates.

We are interested in the leaky flexural wave because: 1) Unlike
the subsonic flexural wave, it can be generated by incident
underwater acoustic waves causing an increase in low-frequency
transmission loss, 2) it can contribute to ambient noise by
radiating to the water thermal cracking noise components, 3) it can
be locally excited by the conversion of underwater acoustic waves at
discontinuities such as cracks, ridges, and leads affecting
transmission loss prediction and ambient noise characteristics, and
4) It obscures the determination of sea-ice shear wave properties by
interfering with the onset of the Scholte flexural wave component as
described below.

Two sets of experiments were conducted on the leaky flexural
waves. The first utilized a stable repeatable setup based on
floating glass plates, and the second used floating ice plates.

FLOATING GLASS PLATE ON WATER

In this section, plates with a high shear wave velocity and a
large acoustic impedance relative to the water ("hard" plates) were
investigated.

The effect of fluid loading on the vibration of an immersed
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FIG. 3.1. Theoretical phase and group velocity curves for flexural
wave in floating ice sheet. (After Crary, from Ewing,

Jardetsky, and Press, 1957, p. 298). The leaky flexural
wave is not plotted.

plate increases as the fluid density is increased. Plate waves
traveling with a velocity greater than the fluid compressional wave
velocity are severely attenuated by radiation to the fluid. Figure
3.2 shows the effect of water loading on the flexural wave in a
floating aluminum plate (0.78 mm thick). :he water compressional
wave velocity C.., was 1480 m/s. The flexural wave was detected with
a receiver transducer located on the top surface of the plate at a
range of 15 cm. -he waveshape of the flexural wave from the free
plate (FIG. 3.2(a)) was compared to the wave from the floating plate
(FIG. 3.2(b)). The water attenuated the first-arriving high
frequency cmrcne.-.z: and decreased the velocity of the Low-frequency
waves.

Figure 3.3 shows a theoretical flexural wave group velocity
dispersion curve provided by G. H. Brooke for a 5.8 mm thick glass
plate on water. :he group velocity maximum for the floating glass
plate is 2017 n/s. The theoretical group velocity maximum for the
flexural wave i3 independent of the plate thickness for a aiven set
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of elastic properties. Figures 3.4 and 3.5 display waveforms
measured at different ranges along the top surface of an infinite
floating glass plate. The plate thickness was 5.65 mm in figure 3.4
and 3.06 mm in figure 3.5. One notices that the apparent time of
arrival of the flexural wave onset is earlier than predicted based on
the maximum group velocity and range. At short range, a dispersed
component "leakv flexural wave" appeared between the first-arriving
compressional plate wave and the flexural wave. This wave component
decayed rapidly with range and also merged with the flexural wave.
A plot of the measured group velocity for the flexural waves from the
ultrasonic measurements is shown in figure 3.6. In addition to the
commonly known flexural wave dispersion curve (Scholte wave branch),
a second higher dispersed branch "leaky flexural wave" was obtained
from the experimental data.

The high-frequency onset of the leaky flexural wave decays
rapidly with range leaving late-arriving low-frequency components
merging with the onset of the nonradiating flexural wave (Scholte
wave branch , FIG. 3.5). This gives the impression of observing
early arrival of the common flexural wave. Interference of these two
wave components makes it difficult to obtain experimental points on
the two group velocity dispersion curves near the bifurcation. If
one tries to increase the range to separate the leaky from the
nonradiating flexurai wave, the amplitude of the leaky flexural wave
becomes greatly attenuated. In figure 3.6 few experimental points
are also plotted regarding the phase velocity at the onset of the
flexural wave.

SOURCE AIR RECEIVER

'A AIR

a Immmm

.4ATER

FIG. 3.2. Effect of water loading on flexural wave in "hard" floating
plate. (Aluminum plate 0.78 mm thick)
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FIG. 3.3. Theoretical flexural wave group velocity for floating
glass plate 5.8 mm thick on water. (G. H. Brooke/DREP 1988).

The apparent group velocity of the resulting wavetrain at the
onset of the flexural wave is function of range. At close range, one
obtains an effective high group velocity maximum for the flexural
wave component near, and at large distances the group velocity
approaches the maximum group velocity of the Scholte wave branch as
the leaky flexural wave is attenuated. This effect can be observed
from the results of figure 3.6 around fh = 230 Hhz-m, where the
points are scattered. These data points were accurately measured and
were obtained from waveforms corresponding to different ranges.
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LEAKY FLEXURAL WAVE NONRADIATING FLEXURAL WAVE20 ks S R
, Rv AIR

- X _ WATER

X = 13.00 cm

FLOATING GLASS PLATE

(5.65 MM THICK)

X = 14.00 cm

ALL BANDBASS FILTERED

40-200 KHZ

X = 15.00 CM

X = 16.00 CM FIG. 7

X = 7.00 cm

X = 18.00 CM

X 9.00 CM

X -- 20.00 cm

X = 21.00 CM

FIG.3.4. Experimental observation of coexistence of leaky flexural
wave and Scholte wave branch flexural wave in floating plate with
shear wave velocity greater than water compressional velocity. Notice
tail of leaky flexural wave mixes with onset of nonradiating flexural
wave causing misinterpretation of arrival time of Scholte wave branch
flexural wave.
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3.06 MM THICK NOTICE ATTENUATION OF HIGH FREQUENCY
GLASS PLATE ONSET WITH RANGE CPATE = 5535 m/S

CS - 3413 M/S
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X = 20 CM

20As AL
PREDICTED ARRIVAL TIME OF FLEXURAL WAVE
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VELOCITY MAXIMUM ( FOR BOTTOM TRACE )

FIG.3.5. In thinner floating plates, if one is not aware of the existence
of the leaky flexural wave, the onset of observed flexural waves appears
faster than predicted by the theoretical group velocity maximum of the
Scholte wave branch of the antisymmetric mode. Notice wave portion to
the left of the marker in bottom trace.
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FIG. 3.6. Experimental ultrasonic results demonstrating existence
of two flexural wave branches for floating glass plate.
The top branch is the leaky flexural wave.

ICE/WATER

A controlled ultrasonic experiment was conducted on floating ice
plates demonstrating the existence of a leaky flexural wave in
addition to the subsonic flexural wave (FIG. 3.7 and 3.8). Source
and receiver transducers were placed at the air/ice interface of a
floating ice plate of thickness H. With a large plate thickness
representing a free solid half-space "H = -, , the Rayleigh wave was
recorded at a 3 cm range. A reference time marker was obtained by
removing the ice and allowing the transducers to contact the water
directly (H = 0). This is indicated in figure 3.7 by T = X/Cw = tw
, where Cw is the compressional wave velocity in water. The time of
arrival of the flexural wave was compared to the Rayleigh wave as the
ice thickness was varied. Figure 3.7 shows photographs of the
received waveshapes for different ice plate thicknesses "H". The
white arrow at the top of each photograph is set to indicate tw. The
onset of the leaky flexural wave from the different ice plates
appeared substantially to the left of the white arrow. Figure 3.8
superimposes: a) the waveshapes from the H = 0 and H = 1.5 mm
models, and b) the waveshapes from the H = and H=1.5 mm models.

The leaky flexural wave decays very rapidly with range due to
the severe water loading on the ice. Stein [3] noted that the group
velocity of the Scholte wave branch is slightly above the Arctic
water wave velocity while its phase velocity is subsonic. Here we
are focusing on the leaky flexural wave which has both phase and
group velocities greater than Cw . In the Arctic, upward refraction in
the water forces underwater acoustic waves to bend upward and

15
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FIG.3.7. Experimental results demonstrating existence of leaky flexural
wave in floating ice sheet of thickness "H" . Source and receiver
located at air/ice interface at a fixed range x = 3 cm. Top left
signal obtained with H = 0 (no ice plate) as a time marker determined
by direct water wave arrival. Top middle trace was obtained with
H = oo corresponding to a free ice half-sapce to capture the Rayleigh
wave. Bottom right trace shoms the leaky flexural wave starting
to the left of the white arrow from a 1.5 mm thick floating ice
plate.
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interact several times with the ice cover generating leaky flexural
waves and satisfying Snell's law. The results of figures 3.7 and 3.8
are the first laboratory experimental data demonstrating the
existence of leaky flexural waves in floating ice plates.

Numerical synthetic time series plots obtained by Brooke using
the SAFARI program [28] also demonstrated the early arrival of the
onset of the flexural wave (Fig. 3.9). Similar to the laboratory
results, the apparent group velocity of the onset of the flexural
wave decreases with range. For a given low frequency wave component
near fh = 230 Hz-m, the apparent group velocity was about 2770 m/s at

x = 200 m, and 2250 m/s at x = 1000 m. Brooke observed the same
early-arriving flexural wave components in his Arctic field data from
2.3 m thick sea-ice at a range of 200 m (FIG. 3.10).

T 0 X / CW

H = 15 mm THICKNESS

H SOURCE AIR RECEIVER

ICE PLATE

WATER-

DIRECT WATER WAVE X-3c m

AS TIME MARKER

H = 'INFINITY"
RAYLEIGH WAVE AS TIME MARKER5 ,S/DIV,

FIG. 3.8. Existence of supersonic flexural wave in floating ice plate.

A time marker is obtained with the ice plate removed (H = 0). The Rayleigh
wave from a free ice half-space ( H = o) is compared with the flexural wave
from a 1.5 mm thick floating ice plate. The onset of the leaky flexural wave
is before the direct water wave.
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FIG.3.9. Synthetic time series using SAFARI for floating "hard" plate.
Similar to the ultrasonic experimental results, the onset of the flexural
wave arrives earlier than predicted by the group velocity maximum of the
Scholte wave branch of the antisymmetric mode. Glass plate on water.
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FIG.3.lO. Arctic field data obtained by G. H. Brooke/DREP indicating
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4. LEAKY RAYLEIGH WAVE AT WATER/ICE INTERFACE

In an infinite elastic solid, only compressional and shear waves
can exist, however, at the free surface of a solid half-space the
compressional and shear waves combine to satisfy the boundary
conditions creating a slow guided surface wave known as the Rayleigh
wave [29]. The Rayleigh wave is confined to propagate near the free
surface of the solid and has its amplitude decrease exponentially
with depth. The addition of a liquid half-space to the solid half-
space modifies the boundary conditions and results in new interface
waves that depend on the relative elastic properties of the liquid
and the solid. When the Rayleigh wave velocity CR is faster than the
liquid compressional wave velocity C , the Rayleigh wave radiates its
energy to the liquid and becomes rapidly attenuated with range. This
damped Rayleigh wave is referred to in the literature as the leaky
Rayleigh wave or pseudo-Rayleigh wave. The leaky Rayleigh wave has
been studied by several authors (5,6,8-10,15-17,22,23,30-44] and
has been extensively used in seismology and in the nondestructive
testing fields. Detailed theoretical analysis of the leaky Rayleigh
wave is described in references 31, 34, 8, and 32.

In addition to the leaky Rayleigh wave, there is another
unattenuated interface wave "Scholte wave" which travels with a
velocity CSch that is slower than C. The Scholte wave always exists
at a liquid/solid interface, however, there are restrictions on
the existence of the leaky Rayleigh wave [8-9]. Brower et al.
obtained limits on the ratios of C/Cp , C/Cs, and p/ps restricting
the existence of the leaky Rayleigh wave (FIG. 4.1) using numerical
analysis, where , Cs, p, and ps are the solid compressional
velocity, the shear wave velocity, the liquid density, and the solid
density respectively. When C. is almost equal to C, the leaky
Rayleigh wave ceases to exist. Having Cs > C is a necessary but not
a sufficient condition to guarantee the existence of the leaky
Rayleigh wave. The water/ice case does not satisfy Brower's
restrictions, therefore one is not expected to detect a leaky
Rayleigh wave at the water/ice interface.

The theoretical background for the leaky Rayleigh wave is
briefly described followed by experimental results on pulsed leaky
Rayleigh waves at water/limestone, water/ice, freon 113/ice, and
freon 113/acrylic. Laboratory experimental results obtained from
water/ice models (6,22,23] demonstrated the existence of a leaky
Rayleigh wave contradicting the current theoretical predictions as
described below.
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FIG. 4.1. Restrictions on the existence of the leaky Rayleigh wave.
(Brower et al., IEEE Trans. Sonics Ultrasonics SU 26(4),
306-308, 1979).

4.1 THEORETICAL BACKGROUND

The theoretical background for the leaky Rayleigh wave at a
liquid/solid interface has been described by Strick [31] , Viktorov
[32] , Brekhovskikh [33] , Phinney [34] , and many others. In
summary, a surface wave solution to the equations of motion for an
isotropic elastic solid half-space in contact with a liquid half-
space is obtained satisfying the interface boundary conditions and an
exponential decay of the particle displacement in the solid normal to
the interface. A characteristic equation is obtained having one real
root corresponding to the Scholte wave, and a complex root associated
with the leaky Rayleigh wave. The characteristic equation may be
written as:

4[I1-(V/CP)21]0 5 [I-(V/C)2] 0 5 - [2-(V/Cs)212 _________; (4.1)

PsCs4 [(V/C)
2-110 5

where V is the velocity of the surface wave.
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The leaky Rayleigh wave originates from a pole which lies on a
lower Riemann sheet in the complex plane and not from a pole on the
real axis [31] . It looks like an interface wave with respect to the
solid, however, it has many properties of critically refracted ray in
the fluid [34]. The loading effect of the liquid on the solid half-
space increases the surface wave velocity [32]. The increase is
more pronounced the greater is the ratio p/ps [31,34]. Strick
showed that the Rayleigh wave velocity and the leaky Rayleigh wave
velocity are always the same for a delta-function excitation and that
for harmonic waves the leaky Rayleigh wave does not travel with the
free Rayleigh wave velocity. Controversial issues seem to exist
regarding the characteristics of the leaky Rayleigh wave. Strick
mentioned that the real part of the pole gives approximately the
leaky Rayleigh wave velocity since the actual velocity is precisely
that of the true Rayleigh wave. Press and Ewing [44] followed
Osborne and Hart's method [38] to approximate the phase velocity of
the leaky Rayleigh wave for the water/ice interface case. Their
theoretical result was adequate to represent the attenuation
coefficient of the leaky Rayleigh wave, however, it did not
demonstrate the characteristics of the Rayleigh wave velocity for the
water/ice problem. The amplitude of a pulsed leaky Rayleigh wave
increases as the receiver is moved away from the solid surface, but
this increase ends as soon as the time of arrival of the
theoretically refracted shear wave becomes smaller than the travel
time of the direct water wave [31]. From Snell's law, the leaky
Rayleigh wave radiates to the liquid at an angle e from the normal to
the interface satisfying the relation sin e = C / CRL, where CRL is
the leaky Rayleigh wave velocity. Strick demonstrated theoretically
that the point of zero amplitude in the pressure response travels
precisely with the Rayleigh wave velocity independent of the
existence of the liquid.

Van der Hijden [8] presented a quantitative description of the
characteristics of the leaky Rayleigh wave and came up with a
condition limiting the range of existence of the leaky Rayleigh wave.
According to Van der Hijden, the leaky Rayleigh wave does not exist
if the F < 1, where

Ps Cp [ Cs2- c2 ].
F_ __ __ __ _;__ _(4.2)

p C [ 2 - C,2 1

and that it is not proper to associate with the complex root a leaky
Rayleigh wave speed because it has no wavefront associated with it,
however, one can define the speed of the amplitude peak of the leaky
Rayleigh wave pulse. Based on a liquid/solid model with C = 4C and
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Cs = 2C, Van der Hijden showed that the leaky Rayleigh wave velocity
coincides with the shear wave velocity if the calculated value of F =
1 and decreases to the Rayleigh wave velocity if F 4 -. He also
mentioned that for an ice/water interface with C = 1500 m/s C1,
3695 m/s, Cs =1820 m/s, p = 1020 kg/m 3, and Ps = 917 kg/m ,he

leaky Rayleigh wave may not exit since F is 0.71 (less than one).

For a water/ice model with the following parameters: = 3488 m/s,
1940 m/s, P5 = 0.906 kg/n 3, and C = 1403 m/s, he calculated

leaky Rayleigh wave root is

CRL = 2055.7 - 267.38i

and F = 1.041. Although F is greater than 1 (meaning that the leaky
Rayleigh wave can exist), the real part of the leaky Rayleigh wave
root exceeds the shear wave velocity. Van der Hijden's factor F,
which was decived for the condition that the leaky Rayleigh wave
velocity < Cs , is now supporting the existence of a leaky Rayleigh
wave having a velocity greater than Cs . Figure 4.2 shows a plot of
the migration of the complex leaky Rayleigh wave root as the shear
wave velocity is varied between 1700 m/s - 2400 m/s, while the other
parameters are fixed. It is interesting to note that the real part
of the leaky Rayleigh wave root would exceed the shear wave velocity
if CS is below 2238 m/s, and that van der Hijden's factor F becomes
> 1 if Cs is increased beyond 1909.84 m/s. With F = 1 at Cs 1909.84
m/s, the ratio of Re[CRLI/Cs is 1.06726. Chamuel's calculations
raise questions regarding the validity of the existence factor F > 1
for the water/ice case since Re[CRLI > Cs. Gordon [10] also reported
that the calculated leaky Rayleigh wave velocity for water/ice
exceeds Cs .

The pulsed ultrasonic modeling results [6,22,23] obtained so
far indicate that: 1) a leaky Rayleigh wave exists at a water/ice
interface contradicting the theoretical predictions, 2) the leaky
Rayleigh wave is faster than the Rayleigh wave, 3) the zero
amplitude travels with a velocity faster than the Rayleigh wave not
in agreement with the theoretical calculations [31,34,8] , and 4)
the velocity of the leaky Rayleigh wave at the water/ice interface
does not exceed the shear wave velocity inspite of having the real
part of CRL greater than Cs . Further theoretical and experimental
investigations are needed to fully resolve this issue.

4.2 EXPERIMENTAL PROCEDURE

Broadband piezoelectric ultrasonic transducers (Sonoquest 1.5 mm
and 2.3 mm diameter) were used to generate and detect ultrasonic
waves in the frequency range 70 kHz - 700 kHz on a flat surface of a
large block of commercial fresh-water ice. The dimensions of each
ice block under study were large enough to delay all reflections of
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the elastic waves from the ice boundaries by at least 80 4s. The
source transducer was pulsed with a 2.5 us pulse and the receiver was
connected to an amplifier, a bandpass filter (70 kHz -700 kHz), and
an oscilloscope. The filtering improved the signal to noise ratio
without distorting the received signal. When tested in a large water
tank, a single pulse excitation produced a single pulse at the
receiver followed by a region free of pulses for about 150 4s.
Placing the transducers on the free flat surface of the ice block
resulted in the waveform displayed in figure 4.3(a).
The compressional, shear, and Rayleigh wave velocities were
determined from the travel time and source/receiver range. In the
text, CR is used to denote the Rayleigh wave velocity at the air/ice
interface and CRL for the corresponding leaky Rayleigh wave at the
water/ice interface. The received signal was recorded
photographically from the oscilloscope. After characterizing a block
of ice, a fresh water half-space at near freezing temperature was
added to study the leaky Rayleigh wave.

In order to facilitate the experiments, the block of ice was
held down at the bottom of the water tank to prevent it from floating
and conduct the measurements on its top surface. The experiments
were repeated over several selected ice blocks to obtain unbiased
results unaffected by the characteristics of a specific block. The
transducers produced a sharp well defined pulse without ringing which
allowed us to separate in time and space the different seismo-
acoustic wave components. The Rayleigh wave recorded from the
air/ice interface was used as a reference signal in the study. The
oscilloscope traces were shifted vertically to compare the time of
arrival of different waves recorded from the air/ice and water/ice
models. In some experiments, both source and receiver were placed
normal to the interface and in other experiments the receiver was
tilted from the vertical direction to increase the coupling to the
leaky Rayleigh wave. The source was always on the interface
touching the ice. The distance between the receiver and the
interface varied depending on the experiment. The figures presented
in this section display the water on top of the ice which is opposite
to the normal configuration in the Arctic where sea-ice is on top of
the water.

4.3 EXPERIMENTAL RESULTS

A reference Rayleigh wave signal was obtained from the flat
air/ice interface with the 1.5 mm diameter transducers and with the
receiver placed normal to the interface (FIG. 4.3(a)). The results
are similar to the classic free solid half-space problem analyzed by
Lamb [45] . The distance between source and receiver was x = 6.7
cm. Without disturbing the setup, a fresh-water half-space at near
freezing temperature was added on the ice block (clamped down). The
received signal from the water/ice model is shown in figure 4.3(b).
The original Rayleigh wave disappeared and two new waves resulted.
The first wave was small and its onset arrived slightly before the
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corresponding time of arrival of the Rayleigh wave. The second wave
was large and arrived later than the corresponding direct acoustic
wave in the water. These two waves were identified as the shear-
leaky Rayleigh wave and the Scholte wave, respectively, as shown
below.

The time of arrival of the Rayleigh wave and the leaky Rayleigh
wave was plotted as function of range (FIG. 4.4). Along the wave
propagation path the measured velocities were C, = 3556 m/s, Cs =
1944 m/s, CR = 1785 m/s, CRL = 1931 m/s, CSch = 1243 m/s initially
and dropped to 1233 m/s, and Cw = 1428 m/s away from the interface
and 1403 m/s close to the ice. The leaky Rayleigh wave velocity was
about 8 % greater than CR. The effect of anisotropy of the ice block
was of secondary importance to our immediate problem of determining
the relative time of arrival of the different wave components along a
fixed path along the interface. Table 1 shows the range of
velocities obtained from different ice blocks.

The leaky Rayleigh wave decays rapidly with range (FIG.4.5 ).
In this experiment, the 2.3 mm diameter transducers were used and the
receiver was tilted to increase the coupling to the leaky Rayleigh
wave. The received signal was recorded at different ranges x = 2.4,
2.7, 3.2, and 4.5 cm. A leaky compressional wave, a leaky Rayleigh
wave, a small direct water wave, and a Scholte wave were detected.

The effect of lifting the receiver transducer away from the
interface is demonstrated in figure 4.6. The top waveform was
obtained with the receiver at the interface ( z = 0 ), where z is the
vertical distance between the receiver and the ice surface. The
distance between source and receiver was 3.6 cm. A distinct Scholte
wave much greater than the leaky Rayleigh wave was observed. As the
receiver was lifted slightly above the interface ( z = 4 mm ), the
amplitude of the leaky Rayleigh wave increased while the Scholte wave
amplitude decreased drastically. Brekhovskikh [331 and Strick [31]
gave a good description of the field in the liquid indicating that
the amplitude of a pulsed leaky Rayleigh wave should increase as the
receiver is lifted from the interface but the increase ends as soon
as the time of arrival of the theoretical refracted shear wave
becomes smaller than the travel time of the direct water wave.

4.4 LEAKY R WAVE OR REFRACTED SHEAR WAVE

Broadband single pulse excitation was utilized to separate in
space and time the different wave components along the liquid/solid
interface. Strick [31] and van der Hijden (8] showed that the
velocity of the leaky Rayleigh wave increases from the Rayleigh wave
velocity to the shear wave velocity as the liquid density is
increased. The time separation between a shear wave pulse and a
leaky Rayleigh wave would therefore decrease as CRL 4 Cs . The
ultrasonic experiments yielded Cs = 1944 m/s and CRL = 1931 in the
above water/ice model. At a range of 4 cm, the difference in time of
arrival of the shear wave and the leaky Rayleigh wave is only 0.14 ps
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which is about 1/18 th of the leaky Rayleigh wavelength. It is not
practical to try to increase the pulse frequency or range to separate
in time RL and S because RL decays rapidly with range at a fixed rate
per wavelength. Could a refracted shear wave have been interpreted
as the leaky R wave ?

The leaky Rayleigh wave has most of its energy in a thin layer
near the surface of the solid which decays exponentially with depth.
The shear wave however, is a body wave with most of its energy
located deep into the solid forming a shear window around 450 for a
small circular disc source on a solid half-space [96]. The presence
of a shallow crack at the solid surface would have a much greater
effect on the surface leaky R wave than on the body shear wave. A
baseline experiment was conducted with a large limestone block to
first demonstrate the effect of a shallow crack on the Rayleigh wave.
The parameters of the limestone block were cp = 3656 m/s, Cs = 2249
m/s, CR = 2076. Figure 4.7(a) shows the configuration with
compressional vertical source and receiver transducers on the free
surface of the limestone block separated by 6.1 cm. The received
signal consisted of a small compressional wave, a large Rayleigh
wave, and a negligible shear wave. Notice that the compressional
receiver detects the vertical motion of the solid which would couple
to an adjacent liquid half-space. After recording the received
signal, the transducers were then replaced with transversely oriented
shear wave transducers and the new received signal was recorded
(FIG.4.7(c)). The signal was dominated by a shear wave. An
"infinitely " long shallow groove (1.6 mm wide x 5 mm deep) was
machined on the surface of the limestone block interrupting the wave
path between source and receiver as shown in figure 4.7. The
previous measurements were repeated with the groove present. The
shallow groove severely attenuated the Rayleigh wave and had a small
effect on the compressional wave (FIG.4.7(b)) and on the shear wave
(Fig.4.7(d)). In this experiment, the groove was empty and not
filled with water.

The second experiment extended the shallow crack measurements
to the water/ice model (FIG. 4.8). A long shallow groove (about one
wavelength deep) was made on the flat surface of an ice block
submerged in water. Compressional source and receiver transducers
were placed on the ice surface with x = 4.4 cm. The receiver was
located before the groove as shown. A distinct pulse was received at
the time corresponding to the transit time of a leaky R wave (this
time also closely coincided with the time of arrival of the shear
wave). The receiver was then moved to x = 5.5 cm after the crack.
The received signal preserved the first arriving leaky compressional
wave, however, the leaky Rayleigh wave almost disappeared, while the
Scholte wave was partially attenuated.

The third experiment examined the vertical and radial particle

motion at the water/ice interface. Figure 4.9 shows expanded
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TABLE 1. MEASURED WAVE VELOCITIES AT WATER/ICE INTERFACE

WAVE TYPE RANGE OF VELOCITIES MEASURED VELOCITIES
FROM DIFFERENT MODELS (ONE DIRECTION & ONE MODEL)

COMPRESSIONAL 3100 - 3775 M/S 3556 M/S

FRESH WATER ICE SHEAR 1844 - 1930 M/S 1944 M/S

RAYLEIGH 1690 - 1829 M/S 1785 M/S

WATER COMPRESSIONAL VELOCITY 1428 M/S ** 1428 M/S AT 50C

SCHOLTE 1224 - 1275 M/S 1243 M/SWATER I ICE

LEAKY RAYLEIGH 1766 - 1950 M/S 1931 M/S

** 1403 at 00C and a corresponding Scholte wave of 1233 m/n.

TABLE 2, VELOCITY AND DENSITY RATIOS FOR WATER/ICE INTERFACE

COMPARED TO BROWER'S MAXIMUM ALLOWABLE DENSITY RATIO

RESTRICTING THE EXISTENCE OF THE LEAKY RAYLEIGH WAVE

MAXIMUI ALLOWABLE DENSITY RATIO
WATER/SEA-ICE CW / Cp = 0.429

Cw / Cs = 0.968

/ 1.11 ------------------ /OW / /0 CE< 0.27

FRESH WATER/ICE CW / Cp = 0.416

CW / Cs = 0.740

'0w / -PCE 1.087 -------------------.. ... CE < 075
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oscilloscope traces of vertical and radial particle velocity
components of a pulsed leaky R wave at a water/ice interface measured
at x = 5.4 cm. The corresponding hodograph formed retrograde
elliptical paths providing an additional proof that the detected
pulse is a leaky R wave and not a refracted shear wave.

In order to provide additional insight into the propagation of a
leaky Rayleigh wave at a water/ice interface, a comparison was made
between the Rayleigh wave from the air/ice interface and the leaky
Rayleigh wave detected by a buried receiver near the ice surface.
Figure 4.10(a) shows the free surface Rayleigh wave and figure
4.10(b) shows the water/ice leaky Rayleigh wave. The receiver was
located 2.5 n below the interface (1/10th of a wavelength) at a
range of 7.1 cm. The onset of the leaky Rayleigh wave was mixed
with a small high frequency shear wave component. The Scholte wave
was also detected by the buried receiver.

In table 2 , the velocity and density ratios for the water/ice
interface are compared to Brower's maximum allowable density ratio
restricting the existence of the leaky R wave. For the sea-ice case,
the water to ice density ratio is 1.11 while the maximum allowable
density ratio is less than 0.27. The fresh-water ice model has a
density ratio of 1.087 and a maximum allowable density ratio less
than 0.75.

FREON 113/ICE INTERFACE

Strick [31] and Phinney [34] theoretically demonstrated the
effect of increasing the ratio of liquid to solid density on the
velocity of the leaky R wave. An experiment was carried out to
examine the leaky R wave at the interface of a dense low-velocity
liquid in contact with ice. Freon 113 was chosen in the experiment
because its density is greater than water 1.565 kg/m 3, and its
compressional velocity is much lower than the shear wave velocity of
ice. The measured compressional wave velocity was 671 m/s at OC of
this first Freon 113 sample. The ice block was fixed at the bottom
of the tank. The measured parameters of this ice block were :C =
3350 m/s and Cs = 1901 m/s along the wave propagation path. he
velocity of the leaky R wave was first obtained from the Freon
113/ice model, then the Freon was replaced with water and the
measurement was repeated. The measured leaky R wave velocity was
1821 m/s from the Freon/ice model and 1852 m/s from this water/ice
model. The accuracy of the velocity measurement was about 0.5 %.
The results indicated that although Freon 113 was heavier than water,
its corresponding leaky R wave velocity was lower than the water/ice
case. A typical waveshape of the received signal from the Freon
113/ice interface is shown in figure 4.11. Both the leaky
compressional and leaky Rayleigh waves are very well defined.
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FIG. 4.10. Comparison of the Rayleigh wave at an air/ice interface to
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with a receiver buried in the ice at a depth of A / 10 .
The onset of the leaky Rayleigh wave is mixed with a small
shear wave component at higher frequencies. The Scholte wave
was also detected by the buried receiver.
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4.5.EXPERIMENT CONTROLLING RELATIVE ELASTIC PROPERTIES OF
LIQUID/SOLID INTERFACE CROSSING THEORETICAL LIMIT ON EXISTENCE
OF LEAKY RAYLEIGH WAVE

The relative elastic properties of Freon 113 and acrylic were
varied by controlling their temperature to provide a unique
opportunity to examine the changes in the leaky Rayleigh wave as the
theoretical limit on its existence was crossed. The Freon 113 batch
used in this experiment had a higher compressional wave velocity than
the first sample used in figure 4.11. Figure 4.12 presents the
results of the experiment and the measured model parameters at 3
different temperatures 40C, 9.20C, and 15.4*C. Using these model
parameters, the theoretical leaky Rayleigh wave roots of the
characteristic equation were calculated for the three different
temperatures. According to the theoretical results, the real part of
the leaky Rayleigh wave root equals the shear wave velocity of the
acrylic at 9.2*C. Above this temperature the leaky Rayleigh wave can
exist, and below this temperature it violates the theoretical
existence condition by exceeding the shear wave velocity. Figure
4.12(b) shows the leaky compressional wave and the leaky Rayleigh
wave obtained at 15.41C. At this temperature, the shear wave
velocity was 1359 m/s and the calculated leaky Rayleigh wave root was
1352 - 155i. The middle trace in figure 4.12 corresponds to the
critical temperature results where the leaky Rayleigh wave root
equaled 1370 - 162i, and the shear wave velocity was 1370 m/s. The
top trace obtained at 40C shows the leaky P wave and the leaky
Rayleigh wave in the domain where the theoretical existence condition
was violated. At this temperature, the real part of the leaky
Rayleigh wave root ( 1397 -167i ) exceeded the shear wave velocity
(1382 m/s). The waveshape of the received signal at the three
different temperatures is practically the same. The onset of the
Scholte wave can also be seen from the photographs. The greatest
effect of the temperature change was on the compressional wave
velocity of the Freon. This drastically increased the Scholte wave
velocity as the temperature dropped from 15.40C to 40C (notice the
Scholte wave in top trace is more to the left than that of the bottom
trace). The ultrasonic modeling results did not find evidence that
the leaky Rayleigh wave can have a phase velocity greater than Cs.

For comparison purposes, figure 4.13 shows the measured Rayleigh
wave at the free surface of a limestone half-space compared to the
leaky Rayleigh wave at the water/limestone interface. The measured
velocities were CR = 1989 m/s and CRL = 2103 m/s. The waveshape of
the leaky Rayleigh wave was similar to the water/ice case consisting
of a distorted pulse with a high-frequency onset and a low-frequency
tail. The leaky Rayleigh wave from the freon/ice model (FIG. 4.11)
did not exhibit this waveshape characteristic.

Further theoretical and experimental investigations are needed
on the water/ice leaky Rayleigh wave.
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FIG.4.12. Relative elastic properties of liquid/solid controlled by
changing the temperature to demonstrate the effect of crossing the
theoretical limit on the existence of the leaky Rayleigh wave.
The density of the liquid is greater than the density of the
solid similar to the water/ice case. The dominant effect of
varying the temperature is on the Freon 113 compressional velocity.
The leaky Rayleigh wave velocity increases as the fluid loading
effect increases. The ultrasonic modeling results do not
indicate that the leaky Rayleigh wave can propagate with a
velocity greater than the shear wave velocity contradicting the
theoretical predictions.
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5. CRACKS IN ARCTIC ICE COVER

Understanding elastic wave propagation phenomena in floating
ice sheets is important to the interpretation of Arctic field data
and characterization of the ice cover. A great deal of work has been
done on thermal cracking noise and on the effect of surface roughness
on scattering of underwater acoustic waves. Little is known about
the effects of near-closed dry surface cracks in a floating plate on
the coupled liquid/solid elastic waves. The characteristic equation
for elastic waves in a floating isotropic elastic plate was derived
by Press and Ewing [49] assuming a Poisson's ratio of 0.25. Hunkins
[4] studied seismic waves in sea-ice and used Press and Ewing's
theoretical results to determine the thickness of the ice plates from
the flexural wave dispersion curve. Hunkins observed that the plate
thickness determined from the theoretical dispersion curve and from
the air-coupled flexural waves is generally lower than the actual
thickness found by direct measurement. Stein [3) derived theoretical
solutions for the floating ice sheet for arbitrary Poisson's ratio
and including the effects of absorption. Recently, Tolstoy [50]
calculated the effect of mass loading created by added scatterers to
a smooth plate on reducing the flexural wave velocity, where the
spacing between scatterers is less than 1/6 th the flexural
wavelength to satisfy the "Boundary wave" conditions.

To the author's knowledge, no theoretical or experimental
results have been published to date on the propagation of flexural
waves in a floating ice sheet with multiple surface cracks. A
similar problem exists in the field of improving the sound insulating
properties of plywood paneLs where machined grooves are utilized to
artificially reduce the flexural wave velocity to decrease the
radiation characteristics of the panel [51]. Arctic ice has
roughness and cracks both causing a decrease in the flexural wave
velocity through two different mechanisms namely mass loading and
reduced flexural rigidity. The effects of near-closed cracks in
Arctic ice plates on low-frequency underwater acoustic waves seem to
have been overlooked.

In this section, preliminary laboratory ultrasonic modeling
results are presented revealing the potential importance of shallow
cracks to Arctic Acoustics [18]. Experimental field data from the
Canadian Arctic obtained by G. H. Brooke [52] tend to support the
ultrasonic modeling findings. These observations have a bearing on
ice reflectivity [53], anisotropy, shear wave attenuation
coefficient, and air-coupled flexural waves [54].
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5.1 ESTIMATED CRACK PROPERTIES IN SEA-ICE

In the Arctic, different types of cracks exist varying from open
cracks (leads) which pass completely through the ice plate to air-
filled near-closed shallow cracks on the top surface of the floating
ice [46]. Surface cracks can be generated by thermally induced
stresses in the upper ice layer due to rapid air temperature changes
above the ice. These cracks have a maximum width of about 2 cm but
in many cases are near-closed. Thermal crack spacing depends on
cracks dimensions; generally, the crack spacing increases as the
crack dimensions increase. For example, tiny cracks have spacings in
the order of centimeters, whereas, large cracks are separated by tens
of meters. In the limiting case of cracks which form pressure
ridges, the nominal spacing is roughly 100 m. It is estimated that
near-closed crack spacing may vary between 3 - 40 m for crack depth
extending from 10 cm to about one-half the plate thickness.

Assur [47] reported on "long-wave cracks" which are closely
spaced long fissures in the ice extending virtually from horizon to
horizon, parallel to each other and occuring primarily in winter.
These cracks do not follow lines of weaknesses in the plate and cut
right through old or new pressure ridges. Two other types of cracks
were also described by Assur [47] "parallel-edge-cracks" and
"perpendicular-edge cracks". "Parallel-edge cracks" run parallel to
the edge of the plate some 12-15 m away, and "perpendicular-edge-
cracks" form at fairly uniform distances of 50-100 m apart. Both
types of cracks occur primarily in the spring and summer. Snow,
slush, and water may partially fill the air-filled cracks. An
example of an ice bottom crack observed in the Arctic was desribed by
Berkson and Clay [48].

5.2 REDUCED FLEXURAL WAVE VELOCITY BY CRACKS IN FLOATING PLATE

Prior to our preliminary 1985 research, interest in cracks in
the ice was mainly on safety of operation of aircrafts and vehicles
on sea-ice. There were no published papers on dry cracks
distribution in sea-ice and their interaction with low-frequency
underwater acoustic waves. Upward refraction in the Arctic causes
substantial interactions of underwater acoustic waves with the ice
cover. Although several research papers focused on the effects of
ice roughness on transmission loss, apparently no studies have been
reported on the effect of cracks in the ice cover on reducing the
flexural rigidity of the ice plate in relation to Lamb waves and on
energy exchange between the water and the ice. Coupling betwee- the
acoustic waves in the water and the elastic waves in the ice plate is
function of the relative densities and phase velocities of the waves.
Depending on the number, size, and spatial distribution of cracks,
the flexural wave velocity of a low-frequency component may be higher
or lower than the water compressional velocity. Laboratory
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ultrasonic models are used to provide physical insight into a
potentially important low-frequency transmission loss mechanism
zaused by the effective reduced flexural rigidity of the cracked ice
cover.

The first set of experiments were carried out to compare the
flexural wave dispersion curve for the following cases: 1) plate in
air, 2) floating plate on a water half-space, 3) plate with multiple
shallow cracks in air, and 4) floating plate with shallow dry cracks
3n its top surface. The experimental setup consisted of broadband 2

diameter Sonoquest compressional ultrasonic transducers (40-900
kHz) used to generate and detect ultrasonic waves in a 2.26 mm thick
?lexiglas plate. The source was excited with either a 2.5 us pulse
or with a gated sinusoidal signal at selected frequencies. The
receiver was connected to an amplifier, a bandpass filter, and an
oscilloscope. Phase velocity measurements were obtained for the four
cases mentioned above. The cracks in the plate were machined with
whe following dimensions: crack depth = H/3, where H = plate
:ickness, crack width = 0.1 -m, crack length = entire length of the
plate ("infinite"), crack spacing was random with a 5 mm average
spacing, and all cracks were machined parallel to each other. The
flexural waves propagated normal to the cracks. The source and
receiver were placed on the top surface of the plate while the bottom
surface of the plate was water loaded for cases (2) and (4). The
crack spacing was selected to be random and not periodic to avoid
resonances of a periodic structure [57,58]. The four models are
shown in figure 5.1..

A
-'LATE r- AIR

B

ILATE 04 WATER

S CRACKED PLATE IN AIR

D
:AKDPLATE 04i WATER

FIG. 5.1. Plate models used in the experiments.
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The flexural wave phase velocity was plotted vs frequency (Fig.
5.2) for the four cases. The plate compressional wave velocity was
2345 m/s and the shear velocity was 1388 m/s. The solid smooth plate
in air had the fastest flexural wave velocity. The floating cracked
plate on water had the lowest flexural wave velocity. The effect cf
water loading on reducing the flexural wave velocity was comparable
to the effect of cracks on reducing the flexural wave velocity. At
about 200 kHz, the average crack spacing was about one wavelength.
It is interesting to note how an average crack spacing greater tha. a
wavelength can affect the high frequencies above 200 kHz. The effect
of cracks on reducing the flexural wave velocity increases as the
frequency is decreased. In figure 5.3, the ratio of the flexural
wave phase velocity to the shear wave velocity is plotted as function
of kH for the four cases. At the low-frequency end of the curves,
the average crack spacing is about 1/2 a wavelength of the flexural
wave. The dispersion curves extend to kH values greater than 3.
Tolstoy's paper [50], on the added scatterers to the plate to form a
boundary wave, described boundary wave phenomena valid up to kH of
about 1. The cracks reduce the flexural wave velocity by lowering
the effective flexural rigidity, while the added scatterers in
Tolstoy's paper reduce the flexural wave velocity by mass loading
effects.

5.3 ICE THICKNESS DETERMINATION DISCREPANCY

Theoretical and experimental field data on sea-ice taken from
Hunkins' 1960 paper [4] are shown in figure 5.4. The flexural waves
indicate the sea-ice average thickness of about 2m, however, the
average measured thickness from six holes drilled along the wave path
was 2.55 m. Hunkins observed that sea-ice thickness determined from
flexural wave dispersion or from air-coupled flexural waves is
generally lower than the actual thickness. The presence of cracks in
the ice plates was not taken into consideration. It seems that the
effects of cracks on reducing the flexural wave velocity provide an
explanation to the ice thickness discrepancy reported by Hunkins.
Hunkins attributed the discrepancy to the anisotropy nature of sea
ice and that it is probable that the shear vertical wave SV is slower
than the shear horizontal wave SH. Seismograms obtained by Crary
[57] on Fletcher's Ice Island indicated that the SV wave velocity is
faster than SH. If the cracks provide the explanation to Hunkins'
discrepancy, the reduced flexural wave velocity should be more
pronounced the greater the distance between source and receiver in
general. This stems from interacting with a greater number of cracks
along the wave path. Hunkins' results shown in figure 5.4 seem to
have these characteristics , namely, the field data recorded at 147
m, 207 m, 268 m, and 328 m progressively have a slower flexural wave
velocity as the range was increased. Quantitative field studies on
Arctic ice are needed to actually verify the effect of cracks.
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In the spring of 1986, Brooke [52] obtained preliminary seismic time
series plots from smooth and rough ice plates in the Canadian Arctic.
Flexural waves were compared from a smooth patch and from a rough
patch where the ice plate thickness was uniform. Brooke's
preliminary Arctic field data showed an unmistakable decrease in the
flexural wave velocity when the propagation is in the rough ice.
Figure 5.5 shows a typical set of flexural wave data where the rough
ice flexural wave when aligned arrives later than the corresponding
smooth ice flexural wave as range was increased by 80 m. Further
field and laboratory studies are planned to quantitatively
characterize the effects of shallow cracks in the ice plates on
Arctic acoustics. The recent preliminary field data seem to support
the ultrasonic modeling predictions.

,oo .1' 1 i
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FIG. 3.4. Sea-ice thickness determined from flexural wave
dispersion is generally lower than the actual thickness.
Fom Hunkins 1960, J. Geophys. Res. 65(10), page 3467.
The effect of cracks on reducing the flexural wave velocity
in floating ice plates provides an explanation for this
discrepancy.

FIG. 5.5. Comparison of flexural waves from smooth ice and
rough ice. Geophones separated by 80 m. (G. H. Brooke/DREP 1986).
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5.4 LOW-FREQUENCY TRANSMISSION LOSS BY CRACKS

In this section, new ultrasonic modeling findings are presented
[18-19] demonstrating that shallow cracks in Arctic sea-ice create
substantial backscatter and attenuate near-grazing low-frequency
underwater acoustic waves. The new findings provide an answer to the
observed discrepancies between measured and predicted backscatter and
attenuation of low-frequency waves. Previous theoretical models
focused on scattering from the rough ice boundary and did not include
scattering from cracks within the ice. Air-filled shallow cracks on
the top surface of the floating ice plates extend near-vertically
down in the plate causing sharp acoustic impedance discontinuities to
the low-frequency waves penetrating the ice. Waves incident on the
ice plate beyond the critical angle interact with the cracks. Upward
refraction in Arctic water increases the percentage of energy
interacting with the cracks therefore enhances the backscatter from
each crack. The importance of cracks increases as the effective
water waveguide depth is decreased. Experimental results are also
presented on the interference of forward-scatter and backscatter, and
on air-filled cracks compared with water-filled cracks. The
ultrasonic models consist of a layer of water in contact with a
smooth acrylic plate having parallel randomly spaced shallow grooves
machined at the plate/air interface.

BACKGROUND

In Arctic acoustics, the measured underwater acoustic wave
attenuation and backscatter at frequencies below 100 Hz are
considerably higher than predicted [11-141. The attenuation
coefficient below 100 Hz is about 4.2 x 10-3 dB/km for the Polar
environment and 0.3 x 10-3 dB/km for the Tropics [60]. DiNapoli and
Mullen [121 showed that models based on treating the rough ice as a
liquid layer results in very low attenuation and backscatter values.
Green and Stokes [63] used a composite surface based on diffractive
scattering from small-scale roughness on the sides of randomly
oriented triangular ridge keels to improve matching the backscatter
data at high frequencies (1.28 kHz - 2.56 kHz). Kuperman and Schmidt
[13] included the effect of conversion to shear waves and trapping of
low velocity shear waves in the ice to increase the predicted
attenuation coefficient level. All the above models and others
depend on scattering from the ice topography. Sea-ice has a great
number of near-vertical shallow cracks extending from the top surface
of the floating ice deep into the plate. Air-filled cracks present
sharp impedance discontinuities to low-frequency acoustic waves
coupled to the plate [18-19] . Upward refraction in the water
increases the interaction of the guided water waves with the cracks.
In flat ice regions, the effect of cracks would dominate. Sections
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5.2 and 5.3 discussed the role of shallow cracks on reducing the
flexural wave velocity and creating discrepancies in sea-ice plate
thickness determination. The following experimental results show how
shallow cracks in the upper surface of a floating plate can create
significant backscatter and attenuate low-frequency underwater
acoustic waves coupled to the plate.

EXPERIMENTAL SETUP

The ultrasonic model experimental setup consisted of a 2.23 mm
thick "h" acrylic plate (60x91 cm) in contact with a water layer of
thickness "H". Randomly spaced thin (0.1 mm wide) parallel cracks
were machined at the plate/air interface. The depth of the cracks
were h/2 and the number of cracks "N" was 90. The cracks were
machined over half the width of the acrylic plate as shown in figure
5.6 to provide a crack-free region on the plate to be used as a
reference. Figure 5.7 shows a detailed sketch of the cracks. The
crack spacing distribution was plotted vs crack spacing over plate
thickness in figure 5.8. The average crack spacing was 5.3 mm. The
experiments were aimed at investigating the effect of shallow cracks
on the acoustic waves propagating in the water layer in contact with
the smooth non-cracked side of the plate. Enhanced ultrasonic
modeling techniques were used to isolate and determine the role of
cracks. The enhancement is generated by utilizing parallel
"infinitely long" closely spaced cracks and shallow water. Real
cracks in the Arctic have finite lengths and are not all oriented
parallel to each other over the entire wave path. In the
experiments, the water layer was on top of the plate, however, in
figures 5.10-5.19, the acrylic plate is sketched on top of the water
layer to match the Arctic floating ice configuration. The water
waveguide was bounded by air on one side and by the cracked plate on
the other. An air boundary was intentionally used to eliminate wave
components associated with a second solid boundary and to confine the
acoustic energy to the water layer and the plate.

Pulsed ultrasonic waves were generated and detected with broadband
2.35 mm diameter Sonoquest piezoelectric transducers (50 kHz - 700
kHz). The source/receiver range was selected and fixed in each
experiment. The source and receiver were moved simultaneously from
the crack-free region to the cracked region for comparison (FIG.
5.6). The receiver detected waves propagating in a direction normal
to the cracks along the path connecting the source and receiver. The
received signal was amplified, filtered, and displayed on an
oscilloscope. The washapes of the received signals were recorded
photographically. Spectral analysis of the received signals was
accomplished using a 7L5 Tektronix spectrum analyzer. Table 5.1
lists the elastic properties of the modeling materials used.
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EXPERIMENTAL RESULTS

In order to compare the effect of different waveguide boundaries
on acoustic wave propagation in a water layer, a reference signal was
first obtained from a "perfect waveguide" consisting of a free water
layer (air/water/air) as described in reference [25] on an air-
suspended water waveguide. Figure 5.9 compares the received acoustic
waves from an air-suspended water layer (Fig. 5.9(a)), a water layer
in contact with a thin solid acrylic plate (Fig. 5.9(b), and a water
layer in contact with an acrylic plate having machined shallow cracks
at the air/plate interface (Fig. 5.9(c)). In this experiment, the
water depth H = 2 cm, the source/receiver range x = 20 cm (10H), and
the plate thickness h = 0.11H. Both source and receiver were located
near the water/air boundary. In figure 5.9(a), the "perfect
waveguide" signal consisted of large nondispersed pulses similar to
the results described in reference [251. The top left photograph of
figure 5.9 shows the waveshape of the received signal arriving at 135
us. The horizontal time scale was 20 us/div. .Introducing a solid
flat acrylic plate in contact with the water layer generated early-
arriving leaky plate waves and redistributed the acoustic wave energy
as shown (Fig. 5.9(b)). Interference of the leaky plate waves with
the first-arriving set of water waveguide pulses was noticeable. The
bottom trace shows the effect of cracks in the plate on the acoustic
waves. The leaky plate waves were almost eliminated and the water
waveguide acoustic waves were attenuated (FIG. 5.9(c)). In the 20 cm
range along the wave path, 30 cracks were present. Changes in the
received signal were due to the characteristics of the acrylic plate.
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(high-order modes) by shallow cracks in floating plate.
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Figure 5.10 shows the attenuation of very late-arriving
waveguide pulses by the cracks. In this model, x = 25H, N = 90
cracks along the 50 cm range, H = 2 cm, and the oscilloscope time
scale was compressed to 100 us/div. The late-arriving pulses
corresponded to waves incident on the plate with large grazing
angles. From the normal mode point of view, the late-arriving
waveguide pulses are generated by the summing the low-frequency
components of the different modes [251. Attenuation of these late-
arriving pulses can be interpreted as attenuation of the low-
frequency components of the modes. The transducers were placed near
the waveguide boundary to enhance the generation of the late-arriving
pulses. In the Arctic, the late-arriving pulses are quickly
dissipated to the ocean bottom and the received signal consists
mainly of the first few pulses.

Figure 5.11 isolates the first reflection from the cracked plate
and compares it with the reflection from the solid plate boundary.
The water depth was increased to 5 cm, x = 50 cm, and the time
expanded scale was 10 us/div. The reflected pulse shown in figure
5.11 was incident on the acrylic plate with a grazing angle of 9.5O .

Although this angle was smaller than the critical grazing angle for
water/acrylic, attenuation of the reflected pulse was observed. The
spectrum of the gated portion of the received signal belonging to the
first reflection from the plate is shown at the bottom right of the
figure. The dot frequency was 200 kHz, the vertical scale 10
dB/div., and the horizontal scale 50 kHz/div. A dip in the spectrum
of the cracked plate was observed between 200 kHz and 340 kHz from a
single reflection.

As the water waveguide depth was decreased, the time separation
between the pulses decreased and interference between the waveguide
pulses occurred. In figure 5.12, the water depth was reduced to 2.9
cm and the range was again 50 cm. The source and receiver were
located in the middle of the water column at H/2 to enhance the
generation of the first-arriving pulses. The first three waveguide
pulses were gated and recorded for both solid plate and cracked plate
boundary models (Fig. 5.12(a) and (b)) with a 10 us/div. time scale.
The corresponding spectra are presented at the bottom of figure 5.12.
A broad null appeared in the vicinity of 275 kHz for the cracked
plate case. Other frequency components were also attenuated but to a
lesser degree.

As the water waveguide depth was further decreased to H = 1 cm,
the waveguide pulses partially overlapped each other forming a
dispersed wavetrain with the high frequencies arriving first (FIG.
5.13). Water wave components with frequencies between 150-400 kHz
were attenuated. Maximum attenuation was again in the vicinity of
275 kHz.
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A very shallow-water example is shown in figure 5.14. The model
parameters were H = 5mm, h =0.446 H, x = 100H, N = 90 cracks, and Z.
= ZR= H/2. In this case, attenuation by the cracks was observed over
a broad frequency range as shown. Maximum attenuation occurred also
around 275 kHz.

The effect of varying the water waveguide depth on the
attenuation of underwater acoustic waves by the dry cracks in the
floating plate is plotted in figure 5.15 for H = 4, 3, 2, 1, and 0.5
cm. The range was 50 cm and the transducers were placed at H/2. The
top four traces have a 5 us/div. time scale, while the last trace has
10 us/div. .The solid line and the dotted line plots correspond to
the cracked and solid plates, respectively. Figure 5.15 demonstrates
how the importance of cracks increases as the effective water
waveguide depth is decreased either by a) upward refraction , b)
shallow water regions, c) combination of both upward refraction and
shallow water.

The reflection coefficient is close to unity for waves incident
beyond the critical angle on a flat floating ice plate (ideal),
however, the presence of shallow dry cracks creates backscattering
and attenuates the incident waves even beyond the critical angle.
The presence of shallow cracks also introduces a dependence of the
reflection coefficient on frequency and angle of incidence. The
effect of cracks is greatly enchanced by the presence of upward
refraction which confines tbe acoustic waves to a shallow water
waveguide underneath the cracked ice plates.
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FIG. 5.14.Attenuation of low frequency acoustic waves in
a shallow water waveguide by cracks in floating
plate.
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The enhanced ultrasonic modeling results, previously obtained on
the cracks were measured from models with a crack spacing of about
twice the plate thickness. Since cracks in the Arctic may be 100 m
apart in some cases (30-40x ice plate thickness), another experiment
was carried out to demonstrate the potential long range effect of
widely spaced dry cracks on the transmission of low-frequencies.
Using a modeling scale of 2000:1, the model consisted of a 3.065 m
long water waveguide with a water depth of 5.08 cm. The floating
plate thickness was 1.67 mm, and the crack spacing was about 5 cm as
shown in figure 5.16. At this scale this corresponds to Artic crack
separation of 100 m , ice plate thickness of 3.34 m, and a 6.13 km
range. Enhanced upward refraction was roughly represented by a
finite depth water waveguide equivalent to 101.6 m. In order to
increase the effective range, we looked at the reflection of the
water waveguide from its far end "A" resulting in a 12.3 km
propagation path for the round trip. In the experiment, the water
waveguide consisted of a long rectangular plastic channel with
machined cracks at the boundaries. Source and receiver transducers
were mounted at one end of the waveguide and a lexan reflector at the
other end of the waveguide. A reference signal was first obtained
from the waveguide without cracks (Fig. 5.16(a)). Introducing the
cracks attenuated the propagated waves and also created
backscattered plate waves and water waves (Fig. 5.16(b)). An
expanded view of the reflected waves is shown in figure 5.16(c) and
(d). Waves incident on the boundary at angles beyond the critical
angle were also attenuated by the cracks.

Two separate attenuation mechanisms may be present. The first
increases steadily with frequency, while the second is centered at a
specific frequency originating from multiple scattering, combined
waveguide and crack spacing configuration [26], or coupled
liquid/solid wave components as described later in section 7.1.

Another interesting experiment was devised to examine only the
effect of randomly spaced small vertical discontinuitites along the
boundary of a waveguide on long range transmission. In this
experiment, seismo-acoustic wave components associated with a
floating plate were subtracted. The model consisted of examining the
transmission of elastic waves in a free solid waveguide with machined
shallow grooves along one boundary (FIG. 5.17). Longitudinal waves
were propagated along a 3 mm x 5 cm x 2.44 m aluminum bar. Source
and receiver transducers were mounted on opposite erds of the bar
along its longitudinal axis as shown. The source was excited with a
single broadband pulse. The received waveform was recorded together
with the corresponding spectrum. Randomly spaced shallow grooves
were machined along one boundary of the waveguide (75 grooves, 0.2
mm wide and 1 mm deep). The received waveform from the grooved model
was recorded and compared to the nongrooved waveguide. Figure 5.17
shows dips in the spectrum of the grooved model. The shallow grooves
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FIG.5.16. Backscatter and attenuation of underwater acoustic waves by shallow
cracks in floating plate. Long-range transmission is simulated by round trip
propagation of end reflected waves.
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FIG. 5.17. Enhanced ultrasonic modeling simulation of effect of dry cracks
in floating sea-ice plates on attenuating horizontally propagating low-
frequency underwater acoustic waves in upward refracted water waveguide.
In this model, the ice is integrated with the water waveguide and the
cracks are represented by vertical air-filled shallow grooves interrupting
longitudinal waves in an aluminum waveguide. The groove depth is H/50, where
H is the waveguide depth. The average groove spacing is 0.586H and the range
X = 50H. With only 75 cracks, most frequencies shown were attenuated by
at least 2 dB, while some selected frequencies were attenuated by about 10 dB.
The wavelength at the dip around 300 kHz corresponds to H/3
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were only 1/50th of the wave guide depth. With only 75 grooves, most
frequencies were attenuated by at least 2 dB, while some selected
frequencies were attenuated by about 10 dB. The wavelength at the
dip around 300 kHz corresponded to H/3. These findings demonstrate
the importance of cracks when combined with waveguide phenomena [26].

Propagation over a 300 km range would increase the number of
cracks to over 3000 (assuming a 100 m spacing) therefore enhancing
the effect of cracks. Our models have infinitely long parallel
cracks yielding an upper limit on estimating the attenuation effect
by cracks. Enhanced modeling is a great tool to identify and isolate
the effect of a particular phenomenon. Other studies on crack
orientation and length need to be investigated.

5.5 BACKSCATTER FROM DRY AND WET CRACKS

In the previous examples, the cracks existed along the waveguide
boundary only between source and receiver. No cracks were present
before the source or after the receiver. Results on backscattering
measurements are described in this section. Source and receiver
transducers were placed adjacent to each other in a crack free region
of the waveguide and were directed towards the cracked region as
shown in figure 5.18. The distance between the transducers and the
first crack was 2.4 cm, the water depth H = 1 cm, and the transducers
depth was H/2. The source was excited with a single broadband pulse
and the received waveshapes and spectra were recorded as before. In
the absence of any cracks along the waveguide, the received signal
consisted of a rapidly decaying wavetrain having no significant
components beyond about 50 us from the beginning of the water wave
arrival. The model with cracks created large backscatter that filled
the same time window which was previously free of signals (FIG.
5.18(b)). Gated backscattered waves were compared to the background
noise from the crack-free model. The spectrum of the backscatter had
a peak near about 279 kHz.

In the Arctic, cracks may exist on both sides of the source and
receiver. This condition can create additional forward-scatter and
backscatter. As the transducers were moved to different locations
along the waveguide, interference of the forward-scattered and
backscattered waves caused the spectrum of the total scattered waves
to vary (FIG. 5.19). Scattered waves from cracks that are closer to
the source or receiver have a greater effect on the acoustic waves.

All the experimental results presented so far were obtained from
models with air-filled cracks. These cracks act as near-vertical
sharp acoustic impedance discontinuities to the propagating waves
coupled to the plate. The effectiveness of the cracks is due to the
high contrast between the plate impedance and the air impedance in
the cracks. Shallow surface cracks in the Arctic may be filled with
snow, ice crystals, or water. Figure 5.20 shows the effect of
filling the shallow cracks in the ultrasonic model with water. The
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shallow cracks in floatingplate. Spectrum of received waves at two
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spectrum of the backscattered waves from the air-filled cracks is
compared to the water-filled cracks. The bottom reference spectrum
was obtained from the solid boundary case without cracks. Water in
the cracks reduced the backscatter at around 275 kHz by almost 10 dB
in this example (H = 1 cm, h = 0.223H, x = 0, Zs = ZR = H/2, distance
to crack region = 2.4 cm, and average crack spacing 5.3 mm).

Yang and Votaw [62] reported on under ice reflectivities at
frequencies below 1 kHz an found that the reflection coefficient from
large smooth ice floes in the Arctic is strongly dependent on
frequency and grazing angle. Our ultrasonic modeling results clearly
indicate a strong frequency dependence of the reflection coefficient
of underwater acoustic waves interacting with a smooth floating plate
with shallow cracks on its top free surface. Smooth ice floes are
not homogeneous solid plates free of internal cracks. The number of
cracks intercepted by the acoustic waves increases with range.
Furthermore, the greater the range is the larger the number of deep
and long cracks encountered along the wave path. Therefore lower
frequencies would be more affected as range is increased. Arctic
experiments conducted at short ranges would give correct reflection
coefficient only for high frequencies. The reflection coefficient
approaches unity for acoustic waves incident at near-grazing angles
on a smooth solid plate, however, in the presence of cracks in the
plate the reflection coefficient would not approach unity. Further
research is needed to assess finite length cracks, randomly-oriented
cracks, oblique incidence, and combined effects of cracks with other
scattering features.

H = 1 CM
h = 0.223 H
X =0
Zs= ZR= H/2

DISTANCE TO CRACK REGION =2.4cm

r' 'izzz
TOP: AIR-FILLErJ n4CKS

If I BACKSCATTER
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MIDDLE: WATER-FILLED CRACKS

BACKSCATTER

'V i: BOTTOM: NO CRACKS,BACKGROUND

SIGNAL IN SAME TIME

WINDOW

50 KHZ/DIV.
200 KHz

FIG.5.20. Backscatter decrease with presence of water in cracks.
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6. WAVES ALONG EDGE OF FLOATING SEMI-INFINITE PLATE

6.1 PLATE EDGE LEAKY RAYLEIGH WAVE

Leaky Rayleigh waves propagating along the bottom side of
floating sea-ice plates experience cylindrical geometrical spreading
and have their low-frequency limit determined by the ice plate
thickness which corresponds to about 500 Hz. A second type of leaky
Rayleigh wave can exist along ice plate edges with particle motion in
the horizontal plane (FIG. 6.1) . The plate edge Rayleigh wave has
no geometrical spreading and has its low-frequency limit determined
by the large horizontal dimensions of the plate. Laboratory
ultrasonic modeling results demonstrate underwater detection of low-
frequency plate edge Rayleigh waves radiated by the edge of a
floating "semi-infinite" ice plate. In one experiment, the detected
plate-edge leaky Rayleigh wave had a wavelength greater than 12 times
the ice plate thickness. The results suggest that a 3 m thick ice
plate in the Arctic may radiate 10 -100 Hz components from its edges.
The active portion of the plate edge acts as a finite length linear
source producing a directional radiated field in the water. The low-

- WATERt

FIG. 6.1. Plate-edge leaky Rayleigh wave in floating plate.
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of plate free.
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frequency plate-edge leaky Rayleigh wave may be detected in the water
at significant distances from the ice edge. Similar to the leaky
Rayleigh wave, the edge leaky Rayleigh wave leaks its energy to the
water, however, since only 9/10th of the vertical edge surface is
immersed in water, the edge leaky Rayleigh wave is attenuated to a
lesser degree.

Figure 6.1 shows a diagram of a floating plate with an edge
leaky Rayleigh wave. The leaky Rayleigh wave decays exponentially
away from the edge in the solid plate as shown. The plate-edge
Rayleigh wave from a 2 cm thick ice plate in air is displayed in
figure 6.2(a). Source and receiver transducers were positioned along
the edge of the plate to induce and detect horizontal particle motion
normal to the vertical face of the plate edge. The distance between
the transducers was 8 cm. The bottom surface of the ice plate was
then placed on a water "half-space" without allowing the water to
cover the vertical face of the plate edge. The corresponding
detected waveshape is shown in figure 6.2(b). The bottom trace of
figure 6.2 was obtained with both the bottom surface and vertical
face of plate edge in contact with the water similar to the floating
sea-ice condition. The observed wave components included a leaky
compressional wave, a leaky Rayleigh wave, a direct water wave, and a
Scholte wave. The Scholte wave was rapidly attenuated as the
receiver was moved away from the edge of the plate in the water.

Figure 6.3 shows how a thin floating ice plate can radiate low-
frequency plate edge leaky Rayleigh waves having a wavelength much
greater than the plate thickness. In this model, a 1.5 mm thick
floating ice plate radiated leaky Rayleigh waves having a wavelength
almost 12 times the plate thickness. These results suggest that a 3
m thick ice plate in the Arctic may radiate low-frequency plate-edge
leaky R wave components between 10-100 Hz. Further studies are
needed to determine the radiation properties of the plate edge. The
laboratory experiments on thin floating ice plates are difficult to
conduct. Other solid materials such as glass may be used to
characterize the general radiation properties of plate edge leaky
Rayleigh waves. The glass to ice velocity and density ratios are as
follows: Rayleigh wave velocity ratio = 1.72, compressional plate
velocity ratio = 1.6, shear wave velocity ratio = 1.78, and density
ratio = 2.5.

Remote detection of low-frequency plate-edge leaky Rayleigh
waves in the water away from the plate edge is illustrated in figure
6.4. A 2.57 mm thick glass plate was used in the experiment instead
of an ice plate to enhance the plate-edge leaky Rayleigh wave and to
achieve better control of the measurements. The plate compressional
velocity, the edge Rayleigh wave velocity, and the glass plate
density were 5415 m/s, 3104 m/s and 2300 kg/m3 , respectively. The
glass plate was fixed on top of the water half-space simulating a
floating ice sheet. The source transducer was fixed at the edge of
the plate and the receiver was located in the water as shown at x =
14.7 cm, y = 6.15 cm, and z = 4.7 cm. The received signal consisted
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FIG. 6.3. Low-frequency plate-edge leaky Rayleigh wave in ice plate.
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FIG. 6.4. Underwater remote detection of low-frequency plate-edge
leaky Rayleigh wave. Glass plate model on water to
enhance the leaky Rayleigh wave.

64



of a plate-edge leaky compressional wave, a plate-edge leaky Rayleigh
wave, and a direct water wave. The time delay of these wave
components depended on the relative position of the transducers. At
large distances, the plate-edge leaky Rayleigh wave merged with the
direct water wave. The plate-edge leaky Rayleigh wave contributed
significantly to the underwater signal.

Plate-edge leaky Rayleigh waves can easily couple to other
adjacent floating plates as shown in figure 6.5. In this experiment,
a reference leaky Rayleigh wave was obtained from one floating glass
plate with the source and receiver separated by 30 cm along the edge
of one plate (FIG. 6.5(a)). The receiver remained on the original
plate and the source was positioned at the edge of a second plate as
shown in figure 6.5. The two plates were aligned in such a way to
allow acoustic coupling to occur between the two plates over a region
"D" common to both plates as shown. The distance between source and
receiver was fixed at 30 cm. The length of region "D" was varied and
the detected waves were recorded. In figure 6.5, four traces are
displayed corresponding to a) single 7'oating plate, b) two floating
plates with D = 3.5 cm, c) D - 13.6 cm, and d) D = 20 cm. The
coupled plate-edge leaky Rayleigh wave arrived at the same time as
the reference wave. The signal level of the coupled leaky Rayleigh
waves was high indicating significant coupling occurred between the
edges of the floating glass plates. In the Arctic, plate-edge leaky
Rayleigh waves can be generated by bumping of floes, ice cracking,
and conversion of plate waves and underwater acoustic waves from
irregular plate boundaries.

. F L Q1 YLE'j4 -,VE

;I 04E PLATE E Y

SOURCE GLS LTSCW~PLEO PLATE-EVAY, LEAKY R AVE D

ATER L SVSL 0 
, m m m

NOMMOdol 3.6 CM
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FIG. 6.5. Plate-to-Plate coupling between floating plates
dominated by plate-edge leaky Rayleigh wave.
Glass plates model.
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FIG.6.6. Detection of plate-edge leaky Rayleigh wave in the water. Top
trace obtained with only one plate "A" present. Bottom trace from two
plates in contact as shown.

The effect of gap closure between floating plates on the radiated
plate-edge leaky Rayleigh wave in the water is shown in figure 6.6.
A pulsed source transducer was placed along the edge of a first
floating plate "A" and a receiver transducer was placed in the witer
at x = 19.5 cm, y = 5 cm, and z = 3.8 cm as shown. The received
leaky Rayleigh wave radiated by the edge of plate "A" alone was
recorded (FIG.6.6(a)). The edge of a second plate "B" was placed in
contact with the first plate as illustrated. The presence of the
second plate simulated a near-closed wet crack and greatly reduced
the detected plate-edge leaky Rayleigh wave (FIG.6.6(b)) deep in the
water. The direct water wave, however, remained unchanged with this
configuration.

Kouzov and Luk'yanov [63] analyzed the problem of a plate separated
into two parts by a near-closed rectilinear crack. They described a
special case where no radiation occurs from waves propagating along
the two sides of the crack. In view of the presence of plate-edge
leaky Rayleigh waves, it would be expected that Arctic ambient noise
should be higher near the edges of floes. Field measurements,
laboratory studies, and theoretical formulation are needed to
quantify the role of edge leaky Rayleigh waves.
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6.2 PLATE-EDGE FLEXURAL WAVE

Our studies on eage waves reveal a gap in Arctic acoustics on
plate-edge flexural waves in floating plates. The plate-edge
flexural wave decays exponentially with distance from the edge into
the plate.

Konenkov [631 presented theoretical results on plate-edge
flexural waves propagating along the edge of a thin semi-infinite
plate in vacuum. Using thin plate theory, Thurston [64]
independently obtained a dispersion expression for the plate-edge
flexural wave matching Konenkov's results. The ratio of the plate-
edge flexural wave velocity CE to the flexural wave velocity CF as
given by both Konenkov and Thurston is:

(CE/CF)4 =(i-o)[(3o-1)+2(l-2o+2o2) ]

where o is Poisson's ratio of the plate. Since this equation is
based on the classical thin plate approximation, we expect to observe
deviations from the predicted edge flexural wave velocity in
laboratory measurements.

In order to obtain a baseline on the characteristics of edge
flexural waves, an ultrasonic experiment was carried out on a 4.35 mm
thick polycarbonate plate. The measured plate parameters were:

plate thickness h = 4.35 mm
compressional plate velocity C I = 1593 m/s
shear wave velocity Cs = 879 m/s
calculated bulk compressional velocity Cp = 2078 m/s
density = 1.207
Poisson's ratio a = 3.391

The flexural wave phase velocity CF and the plate-edge flexural
wave phase velocity CE were then measured at different frequencies
(25, 30, 40, 50, 60, and 70 KHz). Table 1 summarizes the results.
The measured edge flexural wave velocity is slower than predicted by
the thin plate theory and the ratio CE/CF is frequency dependent.
The importance of this apparently trivial small reduction in velocity
is in its role in guiding substantial low-frequency energy along the
plate edge with no geometrical spreading and creating large wave
amplitudes near the plate edge. Figure 6.7(a) shows the conventional
flexural wave from a 2.31 mm th'-k acrylic plate. The source-
receiver range was 26 cm. The edg flexural wave for the same range
is displayed in figure 6.7(b). The amplitude of the edge flexural
wave was about 4X greater than the flexural wave at X = 26 cm in this
configuration.
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TABLE I

f (KHz) CF (m/s) CE (m/s) CE/CF
Experimental Theoretical

(thin plate)

25.000 492.61 486.74 0.9881 0.99668

30.000 525.16 519.11 0.9884 0.99668

40.000 583.09 575.31 0.9867 0.99668

50.000 624.99 613.79 0.9820 0.99668

60.000 646.56 656.45 0.9849 0.99668

70.000 686.22 676.79 0.9867 0.99668
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FIG.6.7. Comparison of flexural wave in free plexiglas plate (a) and

edge flexural wave propagating along edge of semi-infinite plate (b).
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Figure 6.5(a) shows the conventional flexural wave from a 2.31 mm
thick acrylic plate. The source-receiver range was 26 cm. The edge
flexural wave for the same range is displayed in figure 6.5(b). The
amplitude of the edge flexural wave was about 4X greater than the
flexural wave at X = 26 cm.

Similar edge wave behavior occurs in floating plates. Kouzov
and Luk'yanov [65] analyzed the model of a thin floating plate
separated into two parts by a closed rectilinear crack, and derived
the dispersion relation for a trapped edge wave under the assumption
that the plate is denser than the fluid. To the author's knowledge,
no exact theory exists for the plate-edge flexural wave in a floating
semi-infinite ice plate.

An experiment was conducted on flexural and edge flexural waves
in a vertical large diameter polycarbonate cylindrical shell filled
with water as shown in figure 6.8(a). The source was fixed on the
outer surface of the cylindrical shell near the edge. The water
loaded flexural wave was detected with the receiver located at
position "B" (Fig. 6.8(b)) 1800 around the cylinder circumference and
vertically down 3 cm from the top edge as shown. An expanded display
of this flexural wave component is given in figure 6.8(c). The
receiver was then moved to position "A" near the edge, and the water
loaded edge flexural wave was recorded (Fig. 6.8(d)). A large edge
flexural wave was observed. This particular experimental
configuration was selected because the vertically oriented cylinder
could be easily filled with water or emptied without disturbing the
transducers and their coupling to the cylinder. The large diameter
cylinder (22.143 cm O.D. and 2.81 mm wall thickness) partially
simulated the effect of a large thin floating plate at this frequency
range. The large high-frequency wave component arriving at about 150
Ls in figure 6.8(b) is the direct water acoustic wave travelling
across the diameter of the cylinder.

In the presence of plate edge discontinuities such as cracks,
plate thickness variations, and topographical boundaries along the
edges of the floating plate, low-frequency underwater acoustic waves
are converted into plate waves and also plate waves radiate back to
the water contributing to ambient noise characteristics. In Arctic
field experiments, it is not sufficient to measure the elastic
properties of the ice plate, but it is essential to know the geometry
of the plate boundaries including cracks, leads, and outer edges. We
need to understand the conversion of elastic waves in the ice into
edge waves and the conversion of underwater acoustic waves into edge
waves.
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FIG.6.8. Comparison of trapped edge flexural waves and flexural
waves in finite floating plate simulated by water filled large
diameter cylindrical shell. Notice large amplitude of edge wave.
The dispersion curve for the edge flexural wave is also slower than
the flexural wave away from the edge.
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7. BACKSCATTER FROM EDGES OF FLOATING PLATES

The Arctic ice cover is composed of a very large number of
floating ice sheets with inersed edges. Sea-ice has a shear wave
velocity that may vary over a wide range depending on environmental
conditions and ice plate history. Our ultrasonic modeling studies on
cracks in floating plates [18-19] raised fundamental questions on
the characteristics of scattered wave components by vertical plate
discontinuities. A series of experiments were conducted to study
the interaction of near-horizontally propagating pulsed underwater
acoustic waves with straight edges of floating plates. Two general
cases were investigated: Case I plates with a shear wave velocity Cs
< Cw , and Case II plates with Cs > Cw where Cw is the water
compressional wave velocity. The results consistently demonstrated
that backscatter of underwater acoustic waves incident at small
grazing angles on a finite-width floating plate is dominated by
backscatter from the lagging edge of the plate. This is caused by
coupled seismo-acoustic wave components associated with underwater
waves [20-21] . The time of arrival and properties of backscattered
waves from the lagging plate edge greatly depends on the ratio Cs/Cw
and plate thickness as described below.

The reflection of Lamb waves (eigen modes of an infinite free
plate) by a free plate edge has been studied by several investigators
[66-701. The Lamb modes are not coupled to each other as they
propagate along the homogeneous plate. Mode conversion occurs when
the plate has discontinuities such as edges. Auld used the
variational method to obtain a solution to the edge resonance in a
semi-infinite plate, and also presented a detailed review of plate-
edge resonance [68]. Gazis and Mindlin [66] demonstrated that edge
resonance cannot be represented by the addition of incident and
reflected propagating modes alone, and that complex modes have to be
used. AL.d's theory explains that when a fundamental symmetric plate
wave is incident normal to the free edge of a plate, the summation of
incident and reflected fundamental waves cannot satisfy the traction
free boundary condition at the edge face. This is based on the fact
that a component of shear stress reflects with a change in sign,
while a longitudinal stress component does not change sign upon
reflection [68]. Auld's theoretical expression for edge resonance
frequency generated by evanescent waves in a plate with a Poisson's
ratio of 0.31 is

f = 1.43 Cs/ 2h , (7.1)

where C. is the shear wave velocity, and h is the plate thickness.
Zhang et al. used photoelastic techniques to study the reflection of
Lamb waves by a free glass plate edge [70]. To the author's
knowledge, the theory for edge resonance of floating semi-infinite
plate has not yet been published.
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7.1 PLATE WITH SUBSONIC SHEAR WAVE VELOCITY : CASE I Cs < Cw

The first experiment on backscattering from the edges of a
floating plate was conducted in a water waveguide with depth H = 3 cm
bounded on top and bottom with air "perfect waveguide" [25]. Source
and receiver transducers were located next to each other in the
middle of the water column at a depth of 1.5 cm. The transducers
were oriented horizontally along the centerline of the waveguide. A
2.45 nm thick acrylic plate was placed on the top surface of the
water waveguide as shown. The measured wave velocities were: Cw =
1480 m/s, the longitudinal plate wave velocity Cpl = 2422 m/s, and Cs
= 1360 m/s. The plate was 7 cm wide, and its first edge was 88.5
cm from the transducers and oriented parallel to the wavefront. The
acrylic plates were allowed to float using surface tension. The use
of any vertical walls along the edges would disturb the boundary
conditions at the edges. The source was excited with a single
broadband pulse (Fig. 2.1). Figure 7.1 shows the relative amplitude
of backscattered waves from the leading and lagging edges of the
floating acrylic plate. The water/plate edge (leading edge) will be
referred to as edge "A", and the plate/water edge (lagging edge) as
"B". Edge A produced backscatter in the form of a high-frequency
nondispersive pulse, while B generated a large amplitude low-
frequency backscatter. Figure 7.2 shows an expanded view of the
waveshape of backscattered waves from edges A and B obtained from a
different model ( plate thickness h = 2.41 nun, and width W = 7 cm).
The backscatter from edge B was in the form of near-sinusoidal
ringing. The spectrum of the ringing is displayed in figure 7.2.
The measured ringing peak frequency was 282 kHz which is much lower
than the calculated free edge resonance frequency f = 418.43 kHz
from equation (7.1).
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2 45mm H.3O
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FIG. 7.1. Relative backscatter from edges of floating plate.
Notice dominant backscatter from lagging edge "B".
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FIG. 7.2. Waveshape and spectra of backscatter from trailing edge
"B" of floating plate. Notice ringing frequency increases
as plate thickness is decreased.

Figure 7.2 compares the spectra of ringing obtained from floating
plates having different thicknesses. The ringing shifted to lower
frequencies as the plate thickness was increased. The 2.41, 2.84,
and 5.74 mm plates produced a peak ringing frequency at about 282,
242, and 115 kHz, respectively. The measured ringing frequency from
these models was found to oe nearly equal to Cs/2h.

The above experiments were conducted using a shallow water
waveguide in contact with a plate, and the waves were detected at a
range greater than 70 wavelengths from the plate. Three examples
from a water half-space model measured at close range are shown in
figure 7.3. The distance between the transducers and edge A was 20
wavelengths. Plexiglas plates had a shear wave velocity Cs = 1360
m/s while other lower quality acrylic plates had a smaller shear wave
velocity Cs = 1342 m/s. At close range, other converted wave
components became mixed with the backscattered ringing. The received
waveform appeared dispersed as shown in figure 7.3. The time marked
tw corresponds to the round trip travel time of an acoustic wave
reaching edge B.
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FIG. 7.4. Direct underwater acoustic wave and its associated
coupled plate ringing detected in the water. Notice that ringing
starts before the shear wave arrival and is initiated by the water
wave.

Great care was exercized in the work to isolate the backscatter.
from the lagging edge and determine that the ringing was not due to
the particular experimental setup. Several experiments were
oerformed to further characterize the observed backscatter ringing.
Figure 7.4 shows a 40 cm wide floating acrylic plate (2.41 mm thick)
on a water half-space, and the source and receiver transducers were
placed in the water on opposite edges of the plate. By pulsing the
source with a single broadband pulse similar to figure 2.1, the
received signal consisted of ringing following the direct water wave
pulse (FIG. 7.4). The observed ringing started before the travel
time of a shear wave in the plate, and was initiated by the coupled
underwater acoustic wave. The initial portion of the ringing
partially overlapped the direct underwater acoustic wave, and the
tail portion overlapped the shear wave component. The dominant
frequency of the ringing was again close to Cs/2h.

In order to minimize the detection of the initial direct
acoustic pulse and also to avoid the effect of plate edges, the
transducers were placed on the top surface of an "infinite plate"
away from any edges as shown in figure 7.5. A reference waveform
was first obtained with the plate in air (FIG. 7.5(a)). The received
signal was composed of a dispersive longitudinal wave followed by a
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the plate.
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flexural wave as expected. Figure 7.5(b) shows the waveform from the
floating plate model. Slightly before the flexural wave, a ringing
appeared starting at the acoustic wave arrival time tw and blended
with the flexural wave. The peak ringing frequency matches f =
Cs/2h, and it arrived before the shear wave.

Figure 7.6 illustrates that the near-sinusoidal ringing in the
floating plate disappears if the plate is totally submerged in water.
Figure 7.7 shows that a thin rigid barrier in the water underneath
the floating plate can interrupt the propagation of the ringing
revealing that it is associated with the underwater acoustic wave.
Figures 7.8 and 7.9 compare the received waveforms detected by
vertical and horizontal receiver transducers at the edge of the
floating plate. The leaky compressional plate wave did not reverse
polarity while the ringing associated with the water wave did as the
horizontal receiver was moved from bottom to top along the vertical
face of the plate edge (FIG. 7.9). The compressional wave component
showed a phase reversal in figure 7.8 as the receiver was relocated
from the horizontal free surface of the plate to the vertical plate
edge surface.

SOURCE RECEIVER

X2- PLEXIGLAS PLATEX •20 cm -

2 mm BRASS BARRIER

RINrI __A S1CIRTEV WITH ATER ACOUSTIC WAVE

I~u.i1111 WTHU '0IIIIMII

20 .s
P W S FLEXURAL

FIG. 7.7. Use of barrier in water to demonstrate that ringing is
associated with the water acoustic wave and that it is not an independent
shear wave in the plate.
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FIG. 7.8. Detection of plate ringing associated with water wave.
Compare received signal with vertical and horizontal receivers
at plate edge. Notice phase reversal of compressional wave component P
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IG. 7.9. The floating plate ringing associated with the water acoustic
wave has opposite polarity near top and bottom of plate edge.
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A plot of measured group velocity dispersion curves vs fh for
low-frequency elastic wave components propagating in floating acrylic
plates on water is shown in figure 7.10. The horizontal lines in the
plot indicate the compressional wave velocity, the water sound
velocity, the plate shear wave velocity, the Rayleigh wave velocity,
and the Scholte wave velocity, from top to bottom respectively. The
measured dispersion curve for the symmetric Lamb wave in the free
plate is also plotted. The group velocity of the longitudinal waves
in the plate dropped very rapidly as fh was increased. The circled
dispersion curve formed by the black dots is a coupled seismo-
acoustic wave obtained from the floating "infinite" plate. The
dispersion characteristics of backscattered waves originating from
the plate edge matched the circled dispersion curve of figure 7.10.

A different experiment was performed to demonstrate that the
observed ringing is a resonant seismo-acoustic wave mode strongly
coupled to the underwater acoustic wave (FIG. 7.11). Source and
receiver transducers were placed on opposite edges of a floating 2.42
mm thick acrylic plate. The plate width was 23 cm. By pulsing the
source, the received waves consisted of a low-frequency leaky
compressional wave followed by high amplitude ringing as before (Fig.
7.11(a)). Without disturbing the setup, a layer of spread-out small
air-bubbles was introduced underneath the plate to partially decouple
the underwater acoustic waves from the plate waves. The presence of
air bubbles eliminated the seismo-acoustic ringing associated with
the water wave, and increased the amplitude of the compressional wave
in the plate. By further increasing the number of air bubbles per
unit area underneath the plate, the amplitude and velocity of the
plate compressional wave components increased, while the direct
acoustic wave amplitude decreased.

Figure 7.12 is a theoretical group velocity dispersion curve
provided by G. H. Brooke for a flexural wave in a floating Plexiglas
plate. The group velocity maximum which is independent of the plate
thickness is slower than the experimentally observed ringing
associated with the water wave. Using the SAFARI program [281,
Brooke obtained a synthetic waveform for floating Plexiglas plate on
water (FIG.7.13). Similar to the experimental results, a wavepacket
arrived shortly prior to the flexural wave. The SAFARI program being
limited to range independent layers, could not be used to obtain
backscattering from cracks and plate edges.

The ultrasonic modeling experiments demonstrated that when Cs <
0w, backscatter of near-grazing underwater acoustic waves from
vertical discontinuities in the plate is dominated by a water coupled
seismo-acoustic wave component having a velocity near Cw and a
spectrum with a peak frequency near Cs/2h. The trailing edge of
floating plates produce major backscatter. It is evident from the
experimental results that combined boundary scattering and waveguide
phenomena affect the apparent dispersion characteristics of the
detected ringing as previously reported (26]. A normally dispersed
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FIG. 7.10. Plot of measured group velocity dispersion curves for
low-frequency elastic wave components in floating plate on water.
The circled dispersion curve formed by the black dots is a
coupled seismo-acoustic wave obtained from the floati'ng
"infinite" plate. This components dominates the backscatter
from the trailing edge of floating plate.
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wavetrain may be modified by the waveguide dispersion characteristics
to look like a near-sinusoidal ringing. Medwin et al. reported other
experimental observations on backscattering from a trailing edge of a
floating acrylic plate [661.

FLOATING ACRYLIC PLATE (2.42 mm)

AIR 23 cm

WATER--

SOURCE - /-RECEIVER
AIR BUBBLES UNDER

PLATE TO DECOUPLE

WATER WAVES FROM PLATE WAVES
20 us

WITHOUT AIR BUBBLESa

b
WITH AIR BUBBLES

C WITH VERY LARGE NUMBER
OF AIR BUBBLES

T = 8o us T TWATER

FIG. 7.11. Resonant seismno-acoustic mode traveling with water
compressional velocity and has peak resonant frequency - Cs /z.
Experunental results demonstratinq that the ringing is a coupled
liquid/sclid phenomenon. By introducinq air pockets underneath
the floating plate the riginq disappears by decoupling the water
waves frc the plate waves. Notice also increase of amplitude and
velocity of flrst-arrivxne normally dispersed longitudivAl plate
wave as the number of air bubbles is increased.
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FIG. 7 .12 .Theoretical group velocity dispersion curve for flexural
wave in floating Plexiglas plate (G. H. Brooke/DREP). Group velocity
maximum is slower than the experimentally observed ringing associated
with the water wave.
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FIG.7.1aSynthetic time waveform for floating Plexiglas plate (G. H. Brooke/DREP).
Similar to the experimental results, the SAFARI calculations predicts a wavepacket
arriving shortly prior to the flexural wave.
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7.2 PLATE WITH SUPERSONIC SHEAR WAVE VELOCITY : CASE II Cs > Cw

Ultrasonic modeling experiments were conducted to characterize
the backscatter from edges of floating plates having a shear wave
velocity greater than the water compressional wave velocity (CASE
II). Glass plates of different width and thickness were used in this
study (C = 5772 ms, Cs = 3355 m/s, C = 1480 m/s). The glass plate
was fixeg on top of a water half-space simulating a floating plate
condition.

Figure 7.14 shows the effect of plate width on the waveshape of
backscattered waves from edges of a floating glass plate ( h = 2.18
mm). The source and receiver were located in the water as shown at a
distance 6.5 cm from the first plate edge "A". The plate edges were
oriented parallel to the wavefront. Similar to CASE I, backscatter
from the trailing edge "B" was the major received component. The top
waveform was obtained from a narrow plate W = 5.14 cm (FIG. 7.14(a)).
The slightly dispersed pulse marked with an arrow was the
backscattered wave from edge B. To the right of it, other smaller
waveforms appear separated by about 50 us. As the plate width was
increased, the backscattered waves became more dispersed indicating
that the acoustic waves penetrated the glass plate. The low-
frequency components arrived first in the dispersed wavetrains.

A IR SB .. . W . .. .
SOURCE/RECEIVER

WATER . . 0
GLASS PLATE ... 6.5 CM---

THICKNESS h= 2.18 MM
SINGLE PULSE

V V V V

b W = 10.00 CM

c IIiIW = 20 cm

50 As Cp = 5772 M/S
(1,4 "S DELAY ON TRACES) CS = 3355 M/S

= 1480 M/S

FIG. 7.14. Backscatter from edges of floating "hard" plate as function
of plate width. The major dispersed wavetrain corresponds to flexural
waves in floating plate radiated by plate edges. Notice distance between
source/receiver and plate edge is fixed.
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FLOATING GLASS PLATE (3.05 MM)
AIR SOURCE/RECEIVER

WATER B
_ i • - 7 ,588 --.....

SINGLE PULSE

i q d= 7.0 cM

d = 14,0 CM

50 ps

FIG. 7.15. Effect of distance between source/receiver and floating

plate edge on backscattered waves. Notice plate width is fixed.

In figure 7.15, the plate width remained fixed at W = 7.588 cm and
the distance "d" between the transducers and the first plate edge was
varied. The received backscatter from edge B (arrow marker) was

again followed by a series of smaller waveforms now separated by
about 75 us. Varying the distance "d" reduced the amplitude of the
backscattered waves but did not drastically change the waveshape.

Evaluation of the above results was initially puzzling because
the backscattered waves travelled with a velocity much slower than
the plate longitudinal velocity and their dispersion did not look
like the conventional flexural wave were the high frequency
components arrive first.

A vertical source was fixed at one edge of a floating glass
plate ( h = 2.18 mm, W = 10 cm), and a receiver was placed very near
the water surface at a distance of 13 cm from the other edge of the
plate in the water as shown in figure 7.16. The received waveform
and its expanded view are displayed. It was first surprising to see
that the vertical source which was intended to generate a flexural
wave with the high-frequency components arriving first created a
waveform at the receiver with opposite dispersion properties (low-
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frequencies arriving first). Plotting the dispersion of the
waveform shown in figure 7.16 revealed that it matched the segment of
the theoretical flexural wave group velocity (FIG. 3.3) to the right
of the maximum group velocity peak. This indicated that the
received backscattered waves travelled in the plate with the maximum
flexural wave group velocity of 2017 m/s and that the low-frequency
components travelled with greater speed than the high-frequency
components. The calculated round-trip travel time of the multiple
reflections discussed in figures 7.14 and 7.15 also matched the
theoretical maximum group velocity. The calculated time separation
between multiple reflections from the 5.14 cm and 7.588 cm wide
models was 50.96 us and 75.2 us, respectively.

Plate-edge backscatter from a floating plate with a shear wave
velocity greater than the water compressional velocity (glass)
consists of normally dispersed wavetrain belonging to the portion of
the first antisymmetric mode group velocity to the right of the peak
group velocity. Other converted components also exist.

A comparison of backscatter obtained from leading and trailing
edges of different floating plates (CASE I and CASE II) is presented
in figure 7.17.

One implication of the above findings concerns the effect of a
floating finite plate on the returned reflections from an object in
the water. The reflection of a single broadband pulse from an object
in the water (vertical glass plate reflector) at a distance of 28 cm
from the source/receiver transducers is shown in figure 7.18(a). In
the absence of the object (vertical plate) and having only a thin
floating glass plate (23 cm wide) present, the received signal
consisted of a dispersed ringing backscattered from the trailing edge
of the floating plate as expected in view of the above results (FIG.
7.18(b)). When both object and floating plate were present
simultaneously, the reflection from the object appeared to have
changed and acquired a precursor in the form of ringing (FIG.
7.18(c)). The same behavior was observed from other small targets in
the water. The explanation of the phenomenon is that a fraction of
the reflected waves became guided by the floating plate and travelled
back towards the receiver with supersonic speed in the plate along
the portion of the path covered with the floating plate. Therefore
depending on the relative location of a target in the water with
respect to floating plates, a substantial low-frequency precursor to
the backscattered water waves may occur.
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EXPANDED VIEW
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FIG. 7.16.Underwater acoustic waves detected close to the water surface
with a pulsed source on the floating "hard" plate and the plate covers
a portion of the wave path. The large dispersed wavetrain consists of a
leaky flexural wave, portion of the Scholte wave branch of the flexural
wave to the right of the maximum group velocity, and a direct water wave.
Thermal cracking noise in the Arctic may be explained with this model.
Other leaky plate compressional waves also exist.
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FIG. 7 -18 . Modified reflection from target caused by floating plate.
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8. INTERACTION OF ACOUSTIC WAVES WITH ICE KEELS

8.1 UNDERWATER ACOUSTIC WAVE CONVERSION INTO PLATE WAVES

The problem of the interaction of underwater acoustic waves with
penetrable ice keels having dimensions comparable to the wavelength
has not yet been solved theoretically. At the Spring 1986 Meeting of
the Acoustical Society of America preliminary laboratory experimental
results were presented (FIG. 8.1) showing the effect of a keel
underneath a floating plate on converting pulsed underwater acoustic
waves into plate waves [18]

In this preliminary qualitative investigation, an ultrasonic model
was utilized to enhance the generation of flexural waves by the
conversion of underwater acoustic waves by a vertical keel under a
floating plate. Figure 8.1(a) shows a reference flexural wave
generated by a vertically oriented source in the water underneath a
uniform floating plate. When the source was rotated to point in the
horizontal direction, the received waveform was dominated by a direct
water wave pulse (Fig. 8.1(b)). The introduction of a vertical keel
underneath the plate caused conversion of underwater acoustic waves
into flexural waves (FIG.8.1 (c)). In this enhanced model, the keel
width was equal to the plate thickness.

Recent results taken from a scaled ultrasonic model are shown in
figure 8.2. A 2.4 cm diameter source radiating in the horizontal
direction was placed near the water surface underneath an edge of a
floating 2.41 mm thick acrylic plate. A 2 mm diameter receiver was
placed on the top surface of the plate at a distance of 16.6 cm from
the plate edge. The received signal was composed mainly of a direct
underwater acoustic wave with its associated plate waves (FIG.
8.2(a)). The experiment was repeated with a triangular acrylic keel
(9 mm deep and 17 mm wide) welded to the bottom surface of the plate
as shown in figure 8.2(b). The relative position of the source and
receiver transducers with respect to the plate was not changed. The
keel generated a plate compressional wave arriving before the direct
underwater acoustic wave and a flexural wave arriving after the water
wave. The range of wavelengths used was comparable to the keel
dimensions.

If we consider a scale of 1000:1, the model described in figure
8.2 would correspond to a 17 m wide X 9 m deep solid ice keel in a
2.41 m thick floating ice sheet. These results may be considered as
an upper limit on the effect of an ice keel on converting underwater
acoustic waves into plate waves because Arctic ice keels are
inhomogeneous and have cracks which would reduce the coupling between
the keel and the floating plae. Combined effects of cracks and
keels will be investigated in the next phase of the ultrasonic
modeling research. It is expected to find that cracks in the
floating plate would tend to decouple the keel from the plate.
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FIG. 8.1. Preliminary laboratory experimental results showing
conversion of underwater acoustic waves into plate
waves by keel underneath a floating plate.
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FIG. 8.2. Conversion of underwater acoustic waves into

compressional and flexural waves in floating plate by keel.
Notice arrival of new compressional wave in plate before
the direct underwater acoustic wave.
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Figure 8.3 demonstrates the effect of a crack in a floating plate on
reducing the backscatter from the trailing edge of the plate. A
similar behavior may occur when combining cracks and keels. The
drawback of using acrylic in the experimental modeling is that its
shear wave velocity is slower than the water compressional wave
velocity, while sea-ice may have a supersonic shear wave vslocity.
Models with elastic properties similar to sea-ice wouid generate more
leaky wave components contributing to ambient noise.

Further studies are needed to quantify the conversion of
underwater acoustic waves by ice keels. A major step in this
direction has been achieved by the impressive finite difference
numerical modeling results obtained by J. R. Fricke et al. [731.
Our experimental ultrasonic modeling studies also revealed the
presence of guided waves along the keel axis. In section 9, edge
waves along apex of solid immersed wedges are discussed. In this
preliminary study, we have simply demonstrated the potential role of
keels on converting near-grazing underwater acoustic waves into leaky
and trapped plate waves.

EDGE "A" CRACK "C" EDGE "B" AIR

SOURCE/IECEIVER -
100 CM _- . 10 CM ' 12 CM H=3 CM WATER

FLOATING PLEXIGLASS PLATE AIR

(2,45 MM THICK)

BACKSCATTER A C B

CRACK ON TOP

Wm uI(0.1 MM WIDE CRACK)

I4 I CRACK ON BOTTOM (DRY CRACK)

CRACK ON BOTTOM (WET CRACK)

50,us

FIG. 8.3. Effect of combined cracks and plate edges on backscattering.
Presence of crack in floating plate decreased backscatter
from trailing edge of plate.
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8.2 TRANSMISSION LOSS BY SEA-ICE KEEL WIDTH RESONANCES

The common viewpoint on scattering from ice ridges has been in
terms of kd where k is the wavenumber and d is the depth of the ice
keel. At small kd, shallow ridges were considered to create little
backscatter. The ultrasonic modeling studies indicate that shallow
Arctic keels may significantly contribute to the attenuation of low-
frequency underwater acoustic waves (10-100 Hz) due to seismo-
acoustic components controlled by the keel width "w" which is
comparable to the wavelength. Therefore although kd is small, kw is
large.

Ice keels have usually been represented by either triangular,
circular, or elliptical cross section. Flattened ridge keels due to
ablation increases the ratio of ridge width to ridge depth. The
enhanced ultrasonic models used keels with a rectangular cross
section approximating typical ridge keel contours Fig. 8.4. The
ultrasonic model consisted of a water layer bounded with air on one
side and by a 2.45 mm thick acrylic plate on the other side. Parallel
identical keels were used in a shallow water waveguide (H = 3 cm) to
magnify the backscattering from keels and focus on keel width
resonances. The keels were made of long rectangular strips of
acrylic and were in sliding contact (not welded contact) at the
bottom of the floating plate to eliminate the possible conversion of

(A) -r -8.4

(C) 3.9

FIG.8.4. Representing ice keels by approximate rectangular ridges.
Ridge profiles "a" and "b" by Kovaks, and "c" and "d" by Francois
as referenced by Diachok 1976.
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FIG. 8.5. Configuration of experimental setup for ridges.

underwater acoustic waves into plate waves as described in section
8.1 above. Models with shallow keels welded to the plate did not
significantly change the characteristics of the backscattered waves
in this study. The keels were oriented with their axis parallel to
the wavefront. Figure 8.5 shows the geometry of the experimental
model. The source was pulsed with a single broadband pulse, and the
distance between source and receiver was 2.76 m.
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EFFECT OF KEEL WIDTH

Three different sets of keels were used having a width w = 6.77
mm, 8.47 mm, and 15.28 mm. Figure 8.6(a) displays a reference
waveform obtained from the waveguide without keels. The dispersed
received wavetrain was generated by the water waveguide dispersion
characteristics. Twenty parallel keels (w = 6.77 mm) were randomly
placed along the boundary underneath the floating plate with an
average separation of 11.6 cm. The model with keels produced the
waveform shown in figure 8.6(b). The corresponding spectra are also
displayed. The keels attenuated a broad range of frequencies and
had a major effect on components centered around 1il kHz.

Results from the second set of keels ( w = 8.47 mm) are
presented in figure 8.7. The transmission loss increased and two
closely spaced dips appeared near f = 92 kHz and 105 kHz as shown in
figure 8.7.

The widest keels (w = 15.28 mm) generated the largest
attenuation of the transmitted underwater acoustic waves and had a
dip at about 62 kHz (FIG. 8.8)). Figure 8.9 compares the spectra
obtained from the three models ( w = 6.77 mm, 8.47 mm, and 15.28 mm).
Attenuation in dB vs frequency was obtained by subtracting the
spectrum of "B" from the spectrum of "A" for the three cases. The
dip shifted to lower frequencies as the ridge width was increased.

A B

-A

H=3l cm Sm.7 m

Lli llWAVESHAPE

50,us
NARROW SHALLOW RIDGES CAUSING STRONG

V ATTENUATION AT = 2W

SPECTRUf 1500K
L6.77 x 2 - h.7: KHZ

B Dip frequency

40 60 80 100 120 140 160 KHZ

FIG. 8.6. Attenuation of underwater acoustic waves by narrow shallow ridges
under floating plate.
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FIG . 8.7. Attenuation of transmitted underwater acoustic waves by ridge width

resonances.
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FIG. 8.8. Hybrid ridge width resonance corresponding to traveling one way
with the compressional velocity in the solid ridge and returning with the
water compressional velocity.
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FIG. 8.9. Transmission loss affected by ridge width. The attenuation
peak shifts to lower frequencies as ridge width is increased. Notice
all ridges are shallow and have the same depth.

The spectrum of backscattered waves from one single wide ridge
W = 15.28 mm, x = 53.4 cm, N =1, H = 3 cm) had a large peak near 62
kHz as shown in figure 8.10 corresponding to the dip of figure 8.8.
This experiment demonstrated that transmission loss is due to
backscattering of low-frequency wave components by shallow wide
keels.

The effect of the number of keels "N" along the wave path on the
transmitted low-frequency waves is shown in figure 8.11 ( w = 15.28
mm, H =3 cm, d = h = 2.45 mm, x = 2.3 m, and N = 0, 2, 4, 6, 8, 10,
12, 16, 18, and 20). The dip frequency remained fixed near 62 kHz as
the nunber of keels was increased from 2 to 20. The transmission
loss also increased with N.
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Figure 8.12 reveals that as the water depth was decreased, not
only the transmission loss increased, but the dip frequency remained
fixed at 62.7 kHz ( W = 15.28 mm, H = 3,4,6 cm, x = 2.3 m, N = 20).
This observation is important since it proves that the dip frequency
is dominated by the ridge characteristics and not by the water
waveguide dispersion characteristics.

The results clearly indicated that the keel width played a
major role in the attenuation of low-frequency components, although
the keels were shallow and had the same depth. The narrow keels
(6.77 mm) of figure 8.6 had a resonance near fww = Cw/2w. The widest
keels (15.28 mm) had a resonance fpw that seem to originate from a
hybrid mode propagating in one direction in the keel with the
compressional velocity of the solid and returning with the water
compressional velocity. The medium width keels had the two types of
resonances fww and fpw coexisting. In some models a third resonance
f p also appeared corresponding to the round trip travel time in the
keel with the compressional wave velocity of the solid (FIG. 8.13).
The exact complicated resonances of these water loaded elements
depend on the actual wave path of the converted, reflected and
radiated waves and their corresponding velocities.

W - 15.28 mm, N = 20 RIDGES, X = 2.3 M)

F DOT 100 KHz

TOP: H = 6 cm
E FT" -  OF ECEIVED SIGNAL mD : =4

10 DB/DIV. ~ ~ fff10 DBDxVMIDDLE: H = CM

i I BOTTOM: H = 3 CM

A

So= 627 KHz 20 KHz/Div,

FIG. 8.12.Effect of water depth on attenuation of underwater acoustic

waves by shallow ridges under floating plate.
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FIG. 8.13. Multiple ridge width resonances observed in some
models.
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Fig. 8.14 shows the attenuation plot for the case where a
mixture of two types of keels were used ( 20 keels 6.77 mm wide and
10 keels 15.28 mm wide). Two distinct dips were detected at 62.7 kHz
and 111 kHz corresponding to the two keel widths.

RIDGE SHAPE

Semi-cylindrical keels (diameter = W) produced a fpw dip at a
slightly higher frequency than the corresponding rectangular ridge of
width W (Fig. 8.15). The measured ftw from the cylindrical ridge was
77 kHz and the calculated fpw for he rectangular ridge was 74 kHz.
The increase in frequency was expected since the effective width of
the ridge was decreased by the curved ends relative to a rectangular
cross section.

The above results were obtained with the wavefront parallel to
the length of the keels. The effect of oblique incidence remains to
be investigated.

MIXTUR OF 20 RIDGES 6.77 - A "NO 10 PI.ES 15.28 WID

I *2.7 CM

ATTENUA7,[0A (DB) 10
CAUSED BY RISES 20

30 I

20 ;0 ED M 1J20 i201Z

FIG. 8.14.Mixture of two types of ridges creating corresponding
transmission loss peaks.
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FIG. 8.15. Spectrum of transmitted waves showing attenuation
caused by semi-cylindrical ridges. Top trace was
a reference signal obtained without ridges. The
frequency dip at 77 kHz was slightly higher than
calculated based on a rectangular cross section
ridge (74 kHz) as expected due to the shorter

effective width by the curved edges.
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9. SEISMO-ACOUSTIC WAVES ALONG APEX OF IMMERSED SOLID WEDGE

Little is known about the effect of edge waves propagating along
cracks, keels, plate edges, and other lineal topographical boundaries
on Arctic acsoustics. Most previous Arctic research focused on
transmission across surface discontinuities and not on waves guided
along ice discontinuities.

The experimental ultrasonic modeling investigations discovered
the existence of a substantially large edge leaky Rayleigh wave
guided along the apex of an immersed ice quarter-space (900 wedge) in
water [231. The potential importance of edge waves propagating along
plate edges, ice keels, cracks, and hard ocean bottom discontinuities
became apparent in regards to mode conversion, energy partitioning,
trapping, ambient noise, and 3-D underwater acoustic wave
characteristics. The presence of a source in the water close to an
ice keel can create obscure seismo-acoustic wave phenomena which need
to be quantified.

In this section, experimental results from different ultrasonic
models are presented on broadband pulsed edge waves propagating along
an edge of a free or immersed solid in the form of a quarter-space
(900 wedge), a small-angle wedge, or truncated wedge. The type of
waves studied include the antisymmetric edge-Rayleigh wave, the
nonaispersive tlexural wave, the leaky edge-Rayleigh wave, and the
edge-Scholte wave. The laboratory models used were aluminum, acrylic,
limestone, and ice in air or water. The studies indicate that all
edge surface and interface waves travel with a velocity slower than
their corresponding waves on a solid half-space. The measured ratio
of the quarter-space edge-Rayleigh wave velocity to the half-space
Rayleigh wave velocity was 0.9617 for aluminum-6061, 0.9665 for
acrylic, and 0.9954 for limestone. The pulsed nondispersive edge
flexural wave is also demonstrated using a "sharp" wedge apex. The
effect of wedge apex truncation on the dispersion of the
antisymmetric edge-flexural wave is also shown. These are the first
published experimental waveshapes and velocities on single broadband
pulsed edge waves propagating along apex of free or immersed solid
wedge. No published theoretical papers exist on the immersed solid
wedge.

THEORETICAL BACKGROUND

Ash et al. [77] suggested the presence of a slow edge wave
along tip of triangular ridge. P.E. Lagasse discovered in 1972
nondispersive flexural edqe waves propagatino glong the apex of a
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small angle "ideal" solid wedges using a computer finite element
approach (FIG. 9.1) [74-75]. The same year, Maradudin et al. [76]
independently presented theoretical results on edge modes in finite
crystals. Lagasse's results show that the wedge antisymmetric edge
waves may travel with a velocity much slower than the Rayleigh wave
velocity without dispersion (FIG. 9.1) according to the approximate
empirical 

relation

Vm =CR sin mS, m = 1,2,3,... me < 900

where Vm = antisymmetric mode velocity,
CR= Rayleigh wave velocity,
m -mode number

and e = wedge angle.

me <9Q00
The number of antisymmetric edge modes is determined by the relation

Edge waves exist in addition to other surface and body waves.
They propagate along an edge formed by two semi-infinite free

12L

Fig. 9. Computer-generated perspective view of propagation in the low. Fig. 8. The effect of varying apex angle on the propagation veloaty
est order mode on a narrow apex wedge. \Wave motion is predom- the three lowest order nondispersive wedge waves. Curves were
inantly antjsymrnetric flexural. puted using fourth-order finite elements for Duralumin 1 75. Circ

represent experimentaJ' results.

FIG. 9.1. Wave motion and velocity of nondispersive flexural wedge apex waves
copied from IEEE TRans. on Microwave Theory and Techniques MTT-21(4), 1973.
Results by P. E. Lagasse, I. M. Mason, and E. A. Ash.
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surfaces. Edge waves have three components of displacement, and
decay inside the solid and away from the edge [74-87]. In an ideal
infinitely sharp edge, symmetric and antisymmetric edge waves exist.
The symmetric edge waves are dispersive while the antisynmmetric edge
waves are nondispersive because there is no characteristic length
involved.

Edge waves are slower than Rayleigh waves. The 90* wedge has a
single nondispersive antisymmetric mode slower than the Rayleigh
wave. The two approaches used so far to study wedge waves include
the method of finite elements and the microwave circuits method which
is semi-empirical.

Bondarenko and Dubovitskii (1976) derived an equation for the
dispersionless edge wave along the edge of a free solid 900 wedge
[equation (9) in reference 83). The calculated edge wave velocity
for an aluminum quarter-space (C = 6328 m/s, Cs = 3126 m/s) based on
this equation yields an unrealistic velocity of V = 9425 m/s.
Maradudin's derivation based on A = V (Lame's constants) predicts
an edge wave velocity V = 0.9013C s = 2817 m/s for the aluminum
quarter-space [76]. Bestuzheva and Durova (1981) derived an
expression for the small-angle wedge for different Poisson's ratio,
and also explained the limitations of Bondarenko's derivation (78].
Bozhenko et al. (1985) presented experimental results (no waveforms)
on continuous edge waves. For a steel quarter-space, their measured
ratio of edge Rayleigh wave to Rayleigh wave velocities was 0.984.
Pajewski et al. (1987) presented gated sinusoidal (tone burst) edge
Rayleigh wave experimental results from a free glass wedge [80].

Comparison of predicted edge wave velocity using Mckenna's equation

C = CS tan e [2/3 (i-a)]l [4n 2 + 8n + 6 (1-o)]i

and Lagasse's empirical equation for an aluminum full wedge with an
apex angle e = 20.750/2 = 10.3750, Cs = 3126 m/s, CP = 6328 m/s, CR =
2952 m/s, a = 0.338,

n 2(n+i)e V (McKenna) V (Lagasse)
0 20.750 1144 1046 m/s
1 41.5 0 2294 1956 m/s
2 83.0 0 3442 2612 m/s.

EXPERIMENTAL SET-UP

The basic experimental set-up has been previously described [58-
59]. Broadband pulsed ultrasonic waves in the frequency range
50kHz-lMHz were generated and detected by small piezoelectric
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compressional transducers (Sonoquest, 2 mm in diameter) directly
placed on a flat surface of a large solid block away from any edges
to characterize the properties of surface waves. The dimensions of
the solid block were very large compared to the wavelength to avoid
interference of wave components reflected by the edges of the block
in the time window under study. Experiments were conducted on

different free blocks of ice, aluminum, and acrylic. In other
experiments, the blocks were totally immersed in water to study
solid/liquid interface waves. The waves obtained from the large
blocks were used as reference to be compared with other waves
generated and detected along the apex of an "infinite" solid wedge.
The apex angle 8 was 900 in models representing the quarter-space,
and 20.750± 0.250 in a thin wedge aluminum model. Ice, aluminum,
and acrylic were chosen for the quarter-space models. The elastic
properties of the modeling materials are listed in Table I.

EXPERIMENTAL RESULTS

I. NONDISPERSIVE EDGE FLEXURAL WAVE ALONG APEX OF SMALL-ANGLE SOLID
WEDGE

Flexural waves in thin plates are well known to be highly
dispersive (Section 3) . Flexural waves along the edge of a semi-
infinite thin plate are also highly dispersive (Section 6.3).
Dispersive flexural edge waves from a thin truncated aluminum wedge
with an apex angle of 20.70 and a wedge thickness of 0.2 mm is shown
in figure 9.2(a). It is difficult to physically achieve a real sharp
edge. Truncation of the edge causes dispersion as was observed in
figure 9.2. An ideal wedge has zero thickness at the tip and has no
characteristic dimension. Figure 9.2 demonstrated the severe
dispersion from an apex about X /20 thick . Theoretical results on
the truncated wedge were derived by Lagasse [84) and also by McKenna
et al. [81] (no experimental results).

These wedge edge flexural waves were severely attenuated either by
simply touching the wedge apex or by adding a vinyl adhesive tape
along the wedge apex (Fig. 9.2(b)). As the tip of the truncated
wedge was sharpened, the wedge flexural edge wave dispersion
decreased. Figure 9.3(a) shows the waveshape of the received
flexural edge waves from a sharpened wedge apex with a tip thickness
of 5 m = one thousandth of a wavelength. Three nondispersive
flexural edge modes resulted from the sharp wedge with the apex angle
of 20.70 in agreement with Lagasse's prediction [74]. It is
interesting to note how a minute amount at the tip of the wedge can
affect the velocity of very low frequency components. These
textbook quality experimental results on pulsed edge waves are
available for the first time.
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(WEDGE TIP THICKNESS 0.2 MM~ ft /25)

DISPERSIVE ANTISYMMETRIC EDGE WAVE

20 ,us

A~LUMINUM

"' SOURCE

a RECEIVER

X =10.15 CM1

=20.7'

b ~ DAMPED EDGE WITH TAPE

FIG. 9.2. Dispersive antisymmetric edge wave along truncated apex of
aluminum wedge.
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(WEDGE TIP THICKNESS 5jAM ft VII000)

20 1s THREE NONDISPERSIVE ODES ALUM INUM

S ,,,.,,OURCE-

a RECEIVER
a

X - 20.7 °

4 DAMPED EDGE WITH TAPE

RAYLEIGH WAVE ON HALF-SPACE CORRESPONDING
TIME OF ARRIVAL

FIG. 9.3. Nondispersive antisymmetric edge waves along very sharp
apex of aluminum wedge.
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II. COMPARISON OF WAVES ALONG EDGE OF FREE AND IMMERSED SOLID

QUARTER-SPACE (900 WEDGE)

WATER/ICE MODEL

The attenuation of the leaky Rayleigh wave at a lossless liquid/solid
interface depends on its geometrical spreading and radiation to the
liquid. At a water/steel interface, the water loading effect on the
Rayleigh wave is small mainly due to the small density ratio of water
to steel. In the water/ice case, the water loading effect is
dramatic since the water has a greater density than the ice, and
the ice shear wave velocity is only slightly greater than the water
compressional wave velocity. As was described in Section 4,
controversial issues exist regarding the leaky Rayleigh wave at a
water/ice interface. Laboratory experimental results on fresh water
ice revealed the existence of a leaky Rayleigh wave [6,22,23]
Figure 9.4(a), shows the leaky Rayleigh wave from a half-space
water/ice model. The source-receiver range was 7.1 cm and the source
was energized with a 4 4s pulse. The cylindrical geometrical
spreading of the leaky Rayleigh wave and the severe water loading
yield a small amplitude leaky Rayleigh wave at this range. Figure
9.4(b) shows a large edge leaky Rayleigh wave obtained when the
source and receiver were located along the edge of an ice quarter-
space in water. The range was fixed at 7.1 cm. The experiment was
repeated several times using different blocks of ice. The edge leaky
Rayleigh wave was very sensitive to the condition of the ice edge.
The effect of a shallow saw cut on interrupting the edge leaky
Rayleigh wave is demonstrated in figure 9.5. In this model, the
range was 10.1 cm.

The amplitude of the Scholte wave from the half-space model was
large, however, the edge Scholte wave amplitude was small. Near the
ice edge, it was observed that a decrease in the Scholte wave signal
was accompanied by an increase in the leaky Rayleigh wave signal.
The edge wave had ::o geometrical spreading and dominated the received
signal as the receiver was moved slightly away from the ice edge.

WATER/LIMESTONE MODEL

In this experiment, the elastic properties of a dry limestone
block were first determined. The free Rayleigh wave velocity was CR
= 1970 m/s. By wetting the limestone block, (simply filling the
pores with water), the Rayleigh wave increased to 1989 m/s. The
limestone block was covered with a water half-space, and the leaky
Rayleigh wave was recorded (FIG. 9.6(a)). The measured leaky
Rayleigh wave velocity was 2103 m/s. The transducers were positioned
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X = 7.1 CM

WATER

RECIVESORECEI

HALF-SPACE 10 4's

a b_ EDGE OF QUATER-SPACE

a b

A A
A A LEAKY EDGE EDGE SCHOLTE WAVE

LEAKY R WAVE SCHOLTE WAVE R WAVE

FIG. 9.4. Large amplitude edge leaky Rayleigh wave detected along
edge of ice quarter-space immersed in water. A reference leaky
Rayleigh wave from the ice/water half-space model (away from edges)
is shown in the left trace. The edge leaky Rayleigh wave amplitude
decays exponentially within one wavelength from the edge on both the
horizontal and vertical surfaces. Its velocity is slightly slower than
the leaky Rayleigh wave from the half-space.
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X = 10.1 CM

20 )Ls LEAKY EDGE EDGE SCHOLTE
R WAVE¥ WAVE

NO GROOVE

ICE GROOVE

S WITH GROOVE
(1,3 CM DEEP)

FIG. 9.5. Effect of groove on edge waves in ice/water model.

X = 7 CM

Cp = 3653 M/S
Cs = 2176 M/S

CR = 1970 M/S

CER- 1961 M/S

10 'As

a HALF-SPACE

CLEAKY R =2103 M/S

b Nipm 1109,
Ull mE aiI "M EDGE OF QUARTER-SPACE

CEDGE LEAKY R = 2092 M/S
A

LEAKY RAYLEIGH WAVE

FIG. 9.6. Edge leaky Rayleigh wave propagating along apex of
limestone 90 degree wedge in water.
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along the edge of the block, and an edge leaky Rayleigh wave was
obtained. (FIG. 9.6(b)). The edge leaky Rayleigh wave velocity was
2092 m/s. Notice the large amplitude of the edge leaky Rayleigh wave
from the limestone block (FIG. 9.6(b) similar to the water/ice
example of figure 9.4(b).

WATER/ALUMINUM MODEL

The experimental results shown in figure 9.7 compare the
waveshapes and velocities of: a) the Rayleigh wave, b) the edge
Rayleigh wave, c) the leaky Rayleigh wave, and d) the edge leaky
Rayleigh wave from aluminum/water models. The source-receiver range
was fixed at x = 7.25 cm.

X - 7.25 CM

a L .mwRAYLEIGH WAVE ON HALF-SPACE

in migv r CR= 2952 M/S

ALUMINUM/AIRin u
bEDGE RAYLEIGH WAVE ALONG 1/4 SPACE

CER= 2819 M/s

LEAKY R WAVE ON HALF-SPACE
...- LR= 9

ALUMINUM/WATER

d -- *LEAKY EDGE R WAVE ALONG 1/4 SPACE

oil___________ 2803 m/s

FIG.9. 7 . Comparison of waveshape and velocity of Rayleigh wave, edge Rayleigh wave,
leaky Rayleigh wave, and edge leaky Rayleigh wave from aluminum/air and aluminum/water
models.
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The edge Rayleigh wave has opposite polarity on the vertical
and the horizontal surfaces. This is demonstrated with the aluminum
block quarter-space (fig. 9.8). The attenuation of the edge
Rayleigh wave with distance from the edge of the quarter-space along
the solid surface is shown in figure 9.9. The amplitude of the edge
Rayleigh wave drops exponentially from the edge.

The amplitude of the quarter-space edge Rayleigh wave is not
only higher than the Rayleigh wave from the half-space, but it does
not have geometrical spreading. The relative amplitudes of both
waves are compared as function of source-receiver range (Fig. 9.10).

SOURCE

10_ VERTICAL RECEIVER R1

HORIZONTAL RECEIVER R2

X - 10 CM

FIG.9.8. Opposite polarity of edge Rayleigh wave along

apex of 90 degree wedge surfaces.
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ATTENUATION OF EDGE RAYLEIGH WAVE lHll DISTANCE FROM EDGE

1.0 (ALUMINK QUATER-SPACE)

0.8
C, - 2952 mIs

CER- 2839 mIs

0.6 EDGE RAYLEIGH WAVE

RAYLEIGH WAVE

0.2

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

DISTANCE FROM EDGE

WAVELENGTH

FIG, 9.9. Attenuation of edge Rayleigh wave with distance

from edge of quarter-space.

1.0

0.8 • • 0.8,, *, , ,,,• ,,• EDGE RAYLEIGH WAVE ALONG EOGE

OF ALLMIUM QUARTER-SPACE

- 0.6

- 0.4

A
A

0. A.

0.2 RAYLEIGH WAVE ON HALF-SPACE

0 5 10 15 20 25 30 CM

SOURCE-RCEIVER RANGE

FIG. 9.10. Measured relative amplitudes of edge Rayleigh wave
and Rayleigh wave as function of source-receiver range.
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WATER/ACRYLIC MODEL

Results from an acrylic model are given in figure 9.11. The Scholte
wave velocity was CScholte = 1044 m/s from the half-space acrylic

model in contact with a water half-space. The edge Scholte wave was
CEdge Scholte = 1033 m/s.

Table 9.1 summarizes the measured velocities of the different
types of waves from the different models.

CONCLUSIONS

In this section, the first experimental results on single-pulse
edge waves propagating along the apex of a free solid wedge and along
the apex of an immersed solid wedge are reported. A comparison was
made between velocities and waveshapes of Rayleigh waves, edge
Rayleigh waves, leaky Rayleigh waves, edge leaky Rayleigh waves,
Scholte waves and edge Scholte waves. The 900 solid wedge and the
small-angle wedge were investigated.

Quantitative results were presented on velocities of various
edge waves from hard and soft wedges. Different wave velocities
were measured from for the Rayleigh, edge Rayleigh, leaky Rayleigh,
leaky Edge Rayleigh, Scholte, and edge Scholte waves. We have also
demonstrated the nondispersive edge flexural wave from the small-
angle solid wedge, and the dispersive effects of the truncated wedge.

The experimental results revealed the presence of a large edge
leaky Rayleigh wave propagating along the edge of an immersed ice
quarter-space (900 wedge) in water. Edge waves exist along cracks in
floating ice plates and along frozen ridges and keels. Waves in the
ice can also convert into edge waves. As an upper limit example, a
frozen 50 m deep by 100 m wide ice ridge may support leaky Rayleigh
waves at frequencies down to about 18 Hz. Thermal cracking noise as
well as bumping noise can contribute to edge waves. In the Marginal
ice zone edge waves should be seriously considered. Current ideal
models of triangular keels do not include the effect of edge waves.
It is important to be able to detect and characterize a source or
an object situated in the water close to a keel or a plate edge.
Edge waves would play a role in 3-D propagation effects in water
waveguide with abrupt changes in solid boundary topography. At Ultra-
low frequencies, underwater acoustic waves interact with edges of
rock formation in ocean bottom. Interpretation of field data in the
Arctic depends on understanding the radiation of edge waves and their
contribution to ambient noise.
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X = 6.4 CM

Cp = 2711 M/S

Cs  1367 m/s
C= 1480 M/s

10 AAS

HALF-SPACE
CSCHOLTE = 1044 M/S

i n n mI l oEDGE OF QUARTER-SPACE
*flfl fl*GE SCHOLTE = 1033 M/S

A
SCHOLTE WAVE

FIG. 9.11. Edge Scholte wave along apex of 90 degree Plexiglas

wedge in water,

TABLE. 9.1. Experimental results comparing velocities of body,
surface, interface, and edge waves.

Cp CS  CR CER CLR CELR CSCH CESCH /0 CER/CR

ALUMINUM 6328 3126 2952 2839 2964 2803 2.7 0.9617
6061

PWUJC.ASS 2711 1367 1283 1240 1044 1033 1.18 0.9665

LIMESTOI 3653 2176 1970 1961 2103 2092 0.9954

ICE 3825 1952" 1814 1808 1945 1245 1244 0.996
(E.~~ - - - - - - - - - - - - - - - - - -

* Commercial ice stored at -100C.

** Shear wave velocity varies between 1892-1970 m/s depending on
ice temperature and structure.

* Bonding between ice crystals critical.
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10. PULSED LEAKY RAYLEIGH WAVE COMPONENTS IN LIQUID
LAYER OVER SOLID HALF-SPACE

Major seismo-acoustic wave phenomena occur when the source and
receiver are within a wavelength from a solid boundary such as an
ocean bottom. Supersonic seismo-acoustic waves radiate to the water
and contribute the characteristics of low-frequency underwater
acoustic waves. Ideal models predict total reflection of incident
underwater acoustic waves when critical incident angles are exceeded.
Realistic range dependent ocean boundaries such as variable-depth
rough bottom with abrupt rock/sediment interfaces do not yield total
reflection of waves incident beyond the critical angles. This
contributes to low-frequency transmission losses not accounted for by
the ideal range independent models. Leaky waves cannot be ignored
for range-dependent underwater acoustic wave propagation.

At the interface of a liquid half-space in contact with a "hard"
solid half-space, a leaky Rayleigh wave exists as was described in
Section 4. The leaky Rayleigh wave being faster than the liquid
compressional wave velocity, it radiates its energy to the liquid at
the Rayleigh angle and decays with range. The leaky Rayleigh wave is
represented by a complex pole from the characteristic equation
(4.1). In addition to the leaky Rayleigh wave, a true interface wave
exists known as the Scholte wave which is trapped along the interface
and travels with a velocity slower than the liquid compressional wave
velocity.

When the liquid half-space is replaced by a liquid layer, it is
known that the lowest propagating mode in a liquid layer in contact
with a hard solid half-space is dispersive (FIG. 10.1) and has its
phase velocity approaches: a) the Scholte wave velocity at high kH
(where k is the wavenumber and H is the liquid layer thickness), and
b) the Rayleigh wave velocity at very low kH (see for example
reference [89-91]). The coexistence of a leaky Rayleigh wave at
large kh is not mentioned. In the geophysics field, the liquid-filled
borehole problem is somewhat analogous and there seem to be
unresolved issues on the co-existence of the leaky Rayleigh wave and
its mathematical representation [15-17].

The classic book by Viktorov [32] presented the dispersion
characteristics for the liquid layer over a solid half-space with the
wrong sign which he corrected 10 years later [40]. Viktorov's
corrected results shows that the second normal mode starts with the
shear wave velocity and decreases to the Rayleigh wave velocity with
increasing H and then cc tinues to decrease towards the wave velocity
in the liquid. The results of Tolstoy, Viktorov, and Phinney show
that the velocity dispersion curve of the second mode has a small
region with a phase velocity equal to the Rayleigh wave velocity.
This however does not indicate the presence of a leaky Rayleigh wave
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since the corresponding group velocity is much smaller than the
Rayleigh wave velocity. The same argument applies to the findings of
Paillet and White on the borehole [15] where they focused on the
phase velocity and not the group velocity to demonstrate the
existence of a leaky Rayleigh wave. Tsang and Rader [16] utilized a
truncated ray expansion to demonstrate the existence of a leaky
Rayleigh wave pole at high frequencies.

Our laboratory ultrasonic modeling investigations using
broadband pulsed waves have clearly demonstrated the existence of
multiple leaky Rayleigh wave components at short range in the liquid
layer over solid bottom model in addition to the Scholte mode as
described below. The findings are fundamental to low-frequency
underwater acoustics and ambient noise where bottom interactions
occur.

Preliminary ultrasonic experimental investigations were conducted
to assess the potential role of low-frequency leaky Rayleigh waves
associated with the ocean bottom. Underwater acoustic waves
propagating in a "perfect waveguide" air/water/air were compared with
waves in a water layer in contact with a hard solid half-space.

.- I. I V-0 25 .

V-17 CA
.. . -1 m-2-

2.0

1.0

B Cl

1.0 2.0 3.0 4.0 5.0 6.0

Fig. 4.33 Dispersion curves for a fluid layer overlying a semi-infinite elastic solid,
for the first five modes.

FIG. 10. . Dispersion curves of normal modes do not indicate the presence
of a leaky Rayleigh wave component at high frequencies and close range.
Above results copied from I. Tolstoy 1954 presented in "Ocean Acoustics"
1987 edition by Tolstoy and Clay, page 136.
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The experimental setup was as follows: A large aluminum block
was chosen to represent a hard solid half-space. A 0.09 nun thick
plastic sheet was placed on the top surface of the aluminum block.
The edges of the plastic sheet were taped to the aluminum surface
allowing a thin air layer to be trapped between the plastic sheet and
the block. The aluminum block was then immersed in water with a
water layer of thickness H above it. Source and receiver transducers
were located near the top surface of the water layer. The source-
receiver range " x " was selected in each experiment. With the
plastic sheet in place, "perfect waveguide" data were obtained and
recorded from the air/water/air model. Without disturbing the set-
up, the plastic sheet was then removed allowing the water to become
in contact with the aluminum block. The data from the
air/water/aluminum model were obtained, recorded, and compared to the
corresponding "perfect waveguide" results. The procedure was
repeated for different X and H (FIG. 10.2-10.5). The elastic
properties of the aluminum block were Cp = 6328 m/s, Cs = 3126 m/s,
and density of 2.7 kg/m 3. The water compressional velocity was C= -
1480 m/s, and the measured leaky Rayleigh wave velocity CRL = 2964
m/s. From Snell's law, the leaky Rayleigh wave angle eRL was equal
to 29.950.

Figures 10.2-10.5 are self-explanatory. In the model of figure
10.2, X was 9.5 cm and H = 5 cm. Underwater acoustic waves from the
air/water/air model (Fig. 10.2(a)) were compared to the
air/water/aluminum waves (Fig. 10.2(b)). The two main pulses 1
and 2 in Fig. 10.2(a) corresponded respectively to one bottom
water/air reflection, and to bottom/top/bottom water/air reflections
as shown. When the water layer was in contact with the aluminum
block ( Fig. 10.2(b)), major leaky Rayleigh wave components were
generated in addition to the specularly reflected acoustic waves from
the interface. Ray number 4 (Fig. 10.2(b)) was incident at the
Rayleigh angle, traveled along a portion of the interface with the
leaky Rayleigh wave velocity, and radiated into the water with the
same angle. At the generating point, the radiated leaky Rayleigh
wave 3 was superimposed on the specularly reflected water wave.
Ray 3 traveled upward, was reflected by the water/air boundary, and
interacted again with the aluminum regenerating a second leaky
Rayleigh wave component having its own radiated field in the water.
The geometry of figure 10.2 allowed near-overlapping of the
specularly reflected acoustic wave with the leaky Rayleigh wave. The
calculated times of arrival of rays 1, 2, 3, and 4 were 93.2 us,
149.6 us, 151.2 us, and 90.6 us , respectively. The phase of each
component depended on the number of reflections from the air or
aluminum interfaces causing constructive or destructive interference.

In figure 10.4, the water depth remained equal to 5 cm, and the
range was increased to X = 17.8 cm to clearly separate the first
acoustic bottom reflected wave (137.9 us) from the leaky Rayleigh
wave (118.6 us). Notice that the leaky Rayleigh wave arrived before
the acoustic wave.
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(SHORT RANGE AND HARD BOTTOM)
20&Is/DIv. 1- X = 9.5 cm
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FIG. 10.2 Interference of leaky Rayleigh wave components with specularly
reflected acoustic waves in water from a water layer over a "hard" bottom.
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FIG. 10.3. Example showing creation of a second leaky Rayleigh wave
component from multiple reflection of underwater acoustic wave originating
from the leaky Rayleigh wave.
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The waveshapes shown in figure 10.3 were obtained with X =
11.75 cm and H = 5cm. The leaky Rayleigh wave arrived at 98.17 us
and the acoustic bottom reflection at 104.2 us. If one is not aware
of the existence of the leaky Rayleigh wave, one may interpret the
mixture of these two signals as an early arriving acoustic wave
originating from a source at a closer range. The second generated
leaky Rayleigh wave (156.6 us) destructively interfered with the
acoustic wave (156.7 us) in this case.

A shallow-water example is presented in figure 10.5. The water
depth was 1.5 cm and the range X = 17.8 cm. The acoustic waves in
the "perfect waveguide" consisted of a series of pulses starting at t
= X/Cw  . The air/water/aluminum model had multiple low-frequency
leaky Rayleigh wave components arriving at 77.6 us, 95.1 us, 112.7 us
before the "perfect waveguide" acoustic waves. These leaky Rayleigh
wave components may explain the early arrival of low-frequency waves
observed by G. H. Brooke in 1977 in the Canadian Arctic as indicated
by region "A" in figure 10.6 ( water depth was 150 m, range X = 13
km, source depth 20 m, and receiver at the bottom). The shear wave
velocity of the hard bottom was roughly close to that of aluminum.
These leaky Rayleigh wave components described in this section are in
addition to the lateral waves described by Brekhovskikh [331 and
Brooke [93]. In an ideal lossless model, the energy released by the
leaky Rayleigh wave into the solid is returned back to the interface
and no apparent "leaky" mode exists. For a continuous wave steady
state model, interference occurs between the reflected water waves
and the leaky Rayleigh wave along the entire interface, and no leaky
Rayleigh wave complex pole exists for the continuous wave case [92].

The author hypothesizes that for the pulsed wave case, a
pulsed leaky Rayleigh wave is generated in the solid, travels as a
packet with supersonic speed towards the receiver and arrives without
the interference of the slow acoustic waves. The underwater acoustic
waves did not have the time to travel to the top surface of the water
and come back to interfere with the supersonic leaky Rayleigh wave
packet. In this model one is not looking for a resonance condition
satisfying both the normal modes and the horizontal leaky Rayleigh
wave velocity at the interface. This fundamental point has not yet
been fully verified mathematically for either the pulsed or bounded
beam cases.

It is interesting to point out that the angles of the acoustic
rays in the water depend on the source-receiver location, while the
leaky Rayleigh wave angle is independent of the water depth and
source-receiver location. Therefore in a water waveguide,
frequencies of all modes matching the leaky Rayleigh wave angle
would be greatly affected. One implication of this observation is
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that low-frequency attenuation in the ocean does not depend only on
absorption and scattering in the water, but also on the leaky
Rayleigh wave components which depend on the bottom properties and
the water depth.

The attenuation coefficient of the leaky Rayleigh wave differs
from the attenuation coefficient of body waves. The presence of
surface cracks, roughness, vertical step discontinuities, or thin
sediment layers can drastically affect the losses stemming from the
leaky Rayleigh wave.

An significant point regarding leaky Rayleigh waves is best
described by examining the reflection coefficient for all angles of
incidence for a lossless vs. a dissipative model (Fig. 10.7 copied
from G. Mott [931). Notice that at the critical Rayleigh angle, a
strong null occurs in the continuous-wave reflection coefficient for
the dissipative case, while no dip is present for the lossless case.
Therefore if the attenuation coefficient for the leaky Rayleigh wave
is not properly selected, the theoretical models would not predict
the great losses attributed to the leaky Rayleigh wave.

Longitudh nai- *,ave
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Anyle Shear.,..e Crilica!

A0 Aengle

-- h,, Viscous

------- y Fluid -3'1 0.6 - Effect

Rayleigh= 0.4 -
= Critical
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"ZLosstess Theory
0.2 .... Lossy Fluid and

Solid Theory

aI W k
Angle of Incidence, 0

I. 1. Reclvctiu, €octffcient for all angles of incidence for
longitudinal -;avub at a water-stainless steel interface. The
curves sho ii art: calculated at t %1IIlz for the lossless and dik-
4ipalivC cases.

FIG.10.7. The lossless model does not show the conversion into Rayleigh
waves at the Rayleigh angle. The lossy model shows a sharp dip in the
reflection coefficient at the Rayleigh angle. Results copied from
G. Mott, J. Acoust. Soc. Am. 50(3), part 2, page 821, 1971.
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FIG. 10.8. Attenuation of leaky Rayleigh wave components with added
thin damping layer on solid half-space bounding the water
layer. Water/aluminum model. Compare this waveform with
figure 10.3(b). The presence of thin sediment layer on
hard ocean floor, small scale roughness, or abrupt surface
discontinuities may be represented using an effective
attenuation coefficient for the leaky Rayleigh wave that
is higher than the attenuation coefficient of body waves.
This leads to more accurate modeling of low-frequency
transmission loss by conversion into leaky Rayleigh waves.

In figure 10.8, a thin damping layer was added to the surface of
the aluminum block to increase the attenuation coefficient of the
leaky Rayleigh wave relative to the body waves attenuation
coefficients. The water depth and range were the same as in figure
10.3. By comparing trace "B" of figure 10.3 with figure 10.8, one
notices the attenuation of the leaky Rayleigh wave arriving at 98.17
us. Therefore leaky Rayleigh wave components associated with a hard
ocean bottom can contribute to low-frequency transmission losses if
one properly accounts for the leaky Rayleigh wave " effective" high
attenuation coefficient resulting from small scale surface roughness,
near surface cracks, and sediment layer on the solid bottom.
Conventional underwater acoustic models have used the low attenuation
coefficient of body waves in the bottom. Propagation in a range
dependent environment causes mode conversion and greater coupling to
the ocean bottom therefore increasing the importance of leaky
Rayleigh wave components.
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11. SUNARY

3-D range dependent Arctic acoustic problems involving liquid/solid
boundaries with steep sloped discontinuities were investigated using
ultrasonic modeling techniques. The models covered a wide range of
relative liquid/solid elastic properties and geometries. The research
identified factors affecting the interpretation of field data.
Seismo-acoustic wave components contributing to ambient noise have
been isolated.

This report presented the first published experimental results
and implications on the following:

a) Existence of a leaky flexural wave in a floating ice plate
and its effect on apparent group velocity maximum of flexural
waves.

b) Existence of a leaky Rayleigh wave at a water/ice interface.
c) Low-frequency plate-edge leaky Rayleigh wave in floating ice

plate (horizontal particle motion).
d) Nondispersive edge flexural wave broadband single pulse

propagating along sharp apex of small-angle solid wedge.
e) Existence of edge Scholte and edge leaky Rayleigh waves

propagating along apex of immersed solid wedge.
f) Conversion of underwater acoustic waves into plate waves by

keel under floating plate.
g) low-frequency backscatter from keel-width resonance in

floating plate.
h) Existence of water-coupled seismo-acoustic wave components in

floating plate that do not exist in the immersed plate.
i) Generation of a precursor to the signature from an underwater

acoustic target in the presence of a finite floating plate on
the surface of the water waveguide.

j) Reduction of flexural wave velocity in floating plate by
multiple shallow cracks.

k) Interference of forward scatter and backscatter from cracks
in a waveguide.

1) Upward refraction in the water increases the importance of
cracks and ridges.

m) Presence of cracks reduce backscattering from trailing edge
of floating plate.

n) Substantial acoustic coupling between floating plates by edge
leaky Rayleigh wave.

o) Trapped air pockets underneath the floating plate can
decouple wave components from the underwater acoustic waves.

p) The existence of multiple pulsed leaky Rayleigh wave
components in a water layer over a solid bottom.

q) Edge flexural wave in floating plate.
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A temperature controlled experiment was conducted demonstrating
the behavior of leaky Rayleigh wave showing the behavior of the leaky
Rayleigh wave at a liquid/solid interface as the relative elastic
parameters were controlled to cross the theoretical existence limit.

Two mechanisms have been identified on ice plate thickness
determination discrepancies mentioned by Hunkins [4]. The first is
due to the decrease in the ice flexural wave velocity by cracks and
the second is caused by overestimating the shear wave velocity due to
the interference of the leaky flexural wave with the onset of the
Scholte flexural wave branch. Both effects result in predicting an
ice plate thickness that is smaller than actual. Demonstrated
interference of forward and backscattered underwater acoustic waves
generated by multiple cracks in floating plate.

Demonstrated that scattering from the edges of a floating plate
is dominated by the backscatter from the trailing edge of the plate.
The backscatter consists of a seismo-acoustic wave component that is
coupled to the water waves.

Demonstrated combined seismo-acoustic phenomena and waveguide
effects modifying the spectrum of backscatter from trailing edge of
floating plate. Results from cracks and ridges, indicate that the
reflection coefficient is function of both angle of incidence and
frequency.

The findings also provided possible answers to existing
discrepancies between measured and predicted low-frequency
backscatter and transmission loss by having identified: a) conversion
of underwater acoustic waves into leaky flexural waves in the
floating ice, b) backscatter from cracks in floating plate of near-
grazing underwater acoustic wave components, c) conversion into plate
waves by keel, d) backscatter from keel-width resonances, e)
conversion into ocean bottom leaky Rayleigh wave components, and f)
conversion into guided waves along ice keels and floe edges.
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12. CONCLUSIONS

A collection of ultrasonic modeling findings and experimental
techniques have been presented in this report pioneering in a broad
range of hidden low-frequency liquid-solid wave phenomena generally
beyond the state-of-the-art of theoretical and numerical analysis.
The studies have successfully isolated and characterized seismo-
acoustic wave phenomena affecting low-frequency underwater acoustic
wave transmission loss prediction and ambient noise characteristics.
The results provided physical insight and advanced our fundamental
understanding of complex Arctic acoustic wave phenomena on leaky,
trapped, and coupled modes. The efforts focused on pulsed waves
interaction with 3-D range dependent liquid-solid boundaries having
steep-sloped discontinuities with dimensions comparable to the
wavelength under severe fluid loading conditions. The new findings
were reported at a series of meetings of the Acoustical Society of
America between 1986 and 1989 and have influenced the course of
Arctic theoretical modeling and field experiments. Generic results
have been obtained of potential importance to Arctic acoustics,
seismology, nondestructive testing, geophysics, microwave surface
acoustic wave devices, acoustic microscopy, and noise control of
fluid-loaded structures. The ultrasonic modeling studies revealed
how little is known about Arctic acoustics. Future efforts will
focus on quantifying selected phenomena. It is evident that field
experiments, theoretical and numerical methods, and laboratory
studies complement each other and are all needed to handle realistic
naval operations underwater acoustic problems. The results were
presented for the exchange and stimulation of ideas.
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